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 RESUMO 
Os sistemas a base de lipídios destacam-se entre os sistemas para nanoencapsulação, 
principalmente devido a sua facilidade de produção e possibilidade de utilização de 
materiais e ingredientes seguros para aplicação em produtos alimentícios. Os métodos 
mais comuns de obtenção destas nanoestruturas em geral empregam grandes quantidades 
de energia, sendo cada vez mais interessante a utilização de métodos mais fáceis, rápidos 
e de menores custos operacionais e energéticos. Desta forma, este trabalho teve como 
objetivo a produção de diferentes nanoestruturas lipídicas, como nanoemulsões, 
nanopartículas lipídicas sólidas e carreadores lipídicos nanoestruturados via dois 
processos de baixa demanda energética: deslocamento de solvente (etanol) e processo 
microfluídico. Inicialmente, foram produzidas nanopartículas lipídicas sólidas e 
carreadores lipídicos nanoestruturados utilizando-se tristearina e óleo de girassol alto 
oleico através do método de deslocamento de solvente, estabilizadas por surfactante 
Tween 80. As nanopartículas apresentaram um tamanho médio de 500 nanômetros e 
índices de polidispersidade entre 0,3 e 0,5. Foi possível observar o efeito positivo da 
adição de um óleo líquido na matriz sólida da nanopartícula, principalmente na sua 
capacidade de incorporar e proteger moléculas de β-caroteno contra oxidação, apesar do 
óleo não alterar as características principais da nanopartícula, como tamanho e 
morfologia. Numa etapa seguinte, foi avaliada a capacidade de proteínas do leite, 
caseinato de sódio e lactoferrina, serem utilizadas como emulsificantes na estabilização 
de nanopartículas lipídicas sólidas, também produzidas pelo método de deslocamento de 
solvente. Estas proteínas se mostraram bons emulsificantes para as nanoestruturas, 
gerando partículas menores em relação àquelas com Tween 80, com tamanhos de 
partícula variando entre 100 e 400 nanômetros, e com maior capacidade de proteção e 
incorporação de beta-caroteno, provavelmente devido a interações hidrofóbicas destas 
proteínas com os lipídios e a modificação da estrutura cristalina dos mesmos. Por fim, foi 
avaliada a viabilidade de se obter nanoemulsões do tipo óleo/água utilizando-se óleo de 
girassol alto oleico via processos microfluídicos em duas diferentes configurações de 
dispositivos: um microcanal fabricado em polímero polidimetilssiloxano e uma 
configuração de microcanal produzida por capilares de vidro concêntricos, com 
geometrias e fluidodinâmicas distintas entre si. Ambos os dispositivos foram capazes de 
obter as nanogotas em diferentes condições de operação, com tamanhos de gotas variando 
entre 70 e 800 nanômetros, com o processo de formação das gotas sendo similarmente 
 afetado por estas condições nos dois microcanais. Numa mesma condição de processo, 
no entanto, os microcanais fabricados em polidimetilssiloxano obtiveram menores 
tamanhos de gota, sugerindo um controle mais preciso do processo difusivo em 
comparação ao dispositivo em vidro, onde predominou a mistura entre os processos 
difusivos e convectivos de mistura. Foi destacado no processo microfluídico a capacidade 
de produzir sistemas com polidispersidade extremamente baixa, com valores inferiores a 
0,2 na maioria dos tratamentos, justificando a utilização desta metodologia como 
tecnologia emergente na obtenção de nanoestruturas lipídicas. Desta forma, este trabalho 
destaca a facilidade e a eficácia dos processos de deslocamento de solvente e 
microfluídico aqui estudados em se obter diferentes nanoestruturas lipídicas utilizando 
baixas demandas energéticas para a produção de sistemas estáveis com baixa 
polidispersidade e boa eficiência na proteção de compostos bioativos, para veiculação em 
produtos alimentícios. 
Palavras-chave: nanoestruturas lipídicas; nanoemulsões; deslocamento de solvente; 
microfluídica; processos de baixa energia. 
 
 
 
 
 
 
 
 
 
 
 
 
 ABSTRACT 
Lipid-based systems stand out among nanoencapsulation systems mainly because of their 
ease of production and the possibility of using safe materials and ingredients for 
application in food products. The most common methods of obtaining these 
nanostructures generally employ large amounts of energy. Because of that, the use of 
easier, faster and with low energy and operating costs methods is becoming increasingly 
interesting. Thus, the objective of this work was the production of different lipid 
nanostructures, such as nanoemulsions, solid lipid nanoparticles and lipid carriers 
nanostructured through two processes of low energy demand: the solvent displacement 
and the microfluidic technique. Initially, solid lipid nanoparticles and nanostructured lipid 
carriers were produced using tristearin and high oleic sunflower oil through the solvent 
displacement method, stabilized by the surfactant Tween 80. Ethanol was used as solvent. 
Nanoparticles presented an average size of 500 nanometers and polydispersity index 
between 0.3 and 0.5. It was possible to observe the positive effect of the addition of a 
liquid oil in the solid matrix of the nanoparticle, mainly in its ability to incorporate and 
protect β-carotene molecules against oxidation, although the oil does not alter the main 
characteristics of the nanoparticle, such as size and morphology. In a next step, the 
capacity of milk proteins, sodium caseinate and lactoferrin, were evaluated as emulsifiers 
in the stabilization of solid lipid nanoparticles. These proteins proved to be good 
emulsifiers for the nanostructures, generating particles smaller than those with Tween 80, 
with particles size ranging from 100 to 400 nanometers, and with greater capacity of 
protection and incorporation of beta-carotene, probably due to hydrophobic interactions 
of these proteins with the lipids and the modification of the crystalline structure of the 
same ones. Finally, the feasibility of obtaining oil/water nanoemulsions using high oleic 
sunflower oil by microfluidic processes in two different device configurations was 
evaluated: a microchannel made of polydimethylsiloxane polymer and a microchannel 
configuration produced by glass capillaries concentric geometries, with different 
geometries and fluid dynamics between them. Both devices were able to obtain the 
nanodroplets under different operating conditions, with nanodroplets size ranging from 
70 to 800 nanometers, and the droplet formation process was similarly affected in the two 
microchannels. In a same operating condition, however, the microchannels manufactured 
in polydimethylsiloxane generated smaller droplet sizes, suggesting a more rigid control 
of the diffusive process in comparison to the glass device, where a combination between 
 diffusive and convective mixing processes prevailed. It was highlighted in the 
microfluidic process the ability to produce systems with extremely low polydispersity, 
with polydispersity index values lower than 0.2 in most treatments, justifying the use of 
this methodology as emerging technology in obtaining lipid nanostructures. In this way, 
this work highlights the ease and effectiveness of the solvent displacement and 
microfluidic techniques in obtaining different lipid nanostructures using low energy 
demands, for the production of stable systems with low polydispersity and good 
efficiency in the protection of bioactive compounds, aiming an application in food 
products. 
Keywords: lipid nanostructures; nanoemulsions; solvent displacement; microfluidic; low 
energy processes. 
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1.1 INTRODUÇÃO 
A nanotecnologia pode ser definida como a ciência que produz, manipula e 
utiliza materiais na escala nanométrica (FATHI et al. 2012a). Nesta escala de tamanho, 
as propriedades físicas e químicas das estruturas e sistemas podem apresentar 
comportamentos completamente diferenciados daqueles exibidos na macroescala, uma 
vez que interações individuais entre átomos e moléculas se tornam fatores importantes na 
escala nanométrica, possibilitando assim aplicações funcionais únicas e diferenciadas 
destes sistemas (NEETHIRAJAM & JAYAS, 2011). 
Uma potencial aplicação da nanotecnologia na indústria alimentícia é a 
encapsulação e entrega controlada de compostos bioativos de interesse (FATHI et al. 
2012a). Este processo de “aprisionamento” no interior de nanoestruturas tem como 
objetivo principal a proteção de compostos ativos contra condições externas adversas 
(oxidação, pH, degradação por enzimas, etc). Além disso, a nanoencapsulação também 
pode promover o aumento da solubilidade de compostos hidrofóbicos em meios aquosos, 
estabilidade térmica e, por consequência, sua biodisponibilidade no interior do sistema 
gastrointestinal (MCCLEMENTS et al. 2009, 2007). 
Para a proteção de compostos de interesse da indústria de alimentos 
(antioxidantes, minerais, vitaminas, fitoesteróis, ácidos graxos, por exemplo) hoje em dia 
são utilizados métodos de encapsulação na escala micrométrica, através de processos já 
bastante fundamentados. Tais partículas podem apresentar problemas de estabilidade 
devido a seu tamanho. Já em sistemas nanométricos, os efeitos do movimento Browniano 
se sobressaem em relação às forças gravitacionais, resultando em sistemas mais estáveis. 
Além disso, estes sistemas também possuem uma maior estabilidade à agregação devido 
às menores forças de atração entre estas partículas (MCCLEMENTS, 2005; SILVA et al. 
2012).  
Os sistemas de nanoencapsulação apresentam grande potencial de aplicação 
não somente na indústria de alimentos, mas também nas indústrias farmacêuticas e de 
cosméticos. Estes sistemas são geralmente classificados quanto à natureza das moléculas 
que os formam, sendo as mais utilizadas as nanopartículas a base de polímeros e 
biopolímeros e a base de lipídios. Nanopartículas poliméricas possuem uma aplicação 
limitada na indústria de alimentos devido ao potencial tóxico que alguns polímeros podem 
apresentar, além da necessidade do uso de solventes não permitidos pela legislação 
(CHEN et al. 2010; WEISS et al. 2008; MÜLLER et al. 2000). A aplicação de 
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nanopartículas biopoliméricas na indústria alimentícia ainda se encontra em fase inicial 
de exploração. Empresas de alimentos estão procurando estratégias para tornar seus 
produtos mais saudáveis sem comprometer a qualidade e a percepção do consumidor 
(JOYE & MCCLEMENTS, 2014).  Em relação as nanopartículas a base de lipídios, estas 
já vem sendo estudadas há mais tempo, e até os dias atuais ainda despertam grande 
interesse, principalmente por apresentarem grande capacidade de incorporação de 
bioativos lipofílicos em produtos alimentícios, que são em sua grande maioria, meios 
aquosos, além de aumentar consideravelmente a biodisponibilidade de componentes 
nutracêuticos no organismo.  
Dentre as nanoestruturas a base de lipídios, destacam-se principalmente as 
nanoemulsões (NE), nanopartículas lipídicas sólidas (NLS) e os carreadores lipídicos 
nanoestruturados (CLN) (TAMJIDI et al. 2013). Estas estruturas diferem-se entre si pela 
composição lipídica da matriz e, por esse fato, apresentam diferentes propriedades e 
aplicações. Os métodos mais comuns de produção destes sistemas envolvem alta 
demanda energética, como a homogeneização de alto cisalhamento, homogeneização a 
altas pressões, seja a quente ou a frio, e o uso de sondas ultrasônicas (MEHNERT & 
MÄDER, 2001). Métodos menos convencionais envolvem o uso de menores quantidades 
energia, mas alguns exigem grandes quantidades de solventes orgânicos para obtenção 
das nanoestruturas lipídicas (emulsificação-evaporação de solvente, deslocamento de 
solvente), limitando muito suas aplicações (NORIEGA-PELÁEZ et al. 2011; ANTON et 
al. 2008). Apesar disto, estas desvantagens podem ser facilmente contornadas com o uso 
de solventes permitidos pela legislação. Outros métodos de baixa demanda energética 
também reportados para obtenção de NE, NLS e CNL são os métodos de inversão de 
fases, entre eles os métodos da temperatura de inversão de fases (PIT, do inglês phase 
inversion temperature), inversão da composição das fases (PIC, phase inversion 
composition) e ponto de inversão da emulsão (EIP, emulsion inversion phase) (BORRIN, 
2015; MAYER, WEISS & MCCLEMENTS, 2013; MCCLEMENTS & RAO, 2011).  
Portanto, as técnicas de baixa energia se tornam bastante atrativas para produção das 
nanoestruturas, especialmente para aplicação em alimentos, onde custos de produção 
elevados inviabilizam a utilização de certas tecnologias. Além disso, atualmente muitos 
dos componentes usados para fabricar nanoestruturas lipídicas usando ambas abordagens 
de baixa e alta demandas energéticas são ainda inadequados para utilização generalizada 
na indústria alimentícia (MCCLEMENTS, 2012). Por isto, existe o crescente interesse e 
ainda um desafio na escolha de ingredientes aceitáveis, seguros e de baixo custo para 
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produção de nanoestruturas lipídicas com objetivo de veiculação de bioativos em 
alimentos. Desta forma, o desenvolvimento de processos de nanoencapsulação a base de 
lipídios, utilizando-se solventes aprovados, como etanol por exemplo, e técnicas de baixa 
energia, como a técnica de deslocamento de solvente e os processos microfluídicos, são 
alternativas promissoras para futuras aplicações no campo da engenharia de alimentos. 
1.2 OBJETIVOS 
1.2.1 Objetivo geral 
O objetivo geral desta tese foi contribuir na área de nanotecnologia aplicada 
à Engenharia de Alimentos para a obtenção de nanoestruturas lipídicas (nanoemulsões, 
nanopartículas lipídicas sólidas e carreadores lipídicos nanoestruturados) através de 
processos de baixo gasto energético, utilizando-se ingredientes de baixo custo e seguros 
para aplicação em sistemas alimentícios. 
1.2.2 Objetivos específicos 
• Investigar a técnica de deslocamento de solvente para produzir 
nanopartículas lipídicas sólidas e carreadores lipídicos nanoestruturados utilizando-se 
ingredientes seguros para veiculação em produtos alimentícios (tristearina, óleo de 
girassol alto oleico, Tween 80), além de caracterizar os sistemas envolvidos e avaliar o 
efeito da quantidade de óleo líquido nas propriedades das partículas formadas; 
• Avaliar a substituição de surfactantes sintéticos/semi-sintéticos por 
surfactantes naturais como proteínas do leite (caseinato de sódio, lactoferrina) na 
obtenção de nanopartículas lipídicas sólidas ainda pelo método de deslocamento de 
solvente e caracterizar o efeito destas nas propriedades físico-químicas e na capacidade 
de incorporação/proteção de compostos bioativos; 
• Avaliar a viabilidade da utilização de diferentes dispositivos 
microfluídicos na obtenção de nanoemulsões do tipo óleo em água contendo óleo de 
girassol alto oleico e o efeito das condições de processo (vazões de entrada das fases) nas 
características das estruturas formadas. 
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1.3 ESTRUTURAÇÃO DA TESE 
A apresentação desta tese e seus principais resultados foram organizados sob 
a forma de capítulos, descritos a seguir. 
Neste Capítulo 1, estão expostos a introdução geral da tese, os objetivos geral 
e específicos desenvolvidos, além deste tópico de estruturação e história do trabalho 
desenvolvido. 
O Capítulo 2 traz os aspectos teóricos e uma revisão bibliográfica sobre o 
tema de estudo desta tese, relatando a literatura mais recente e relevante sobre o tema de 
nanoestruturas lipídicas, seus métodos de obtenção e ingredientes utilizados. 
Os Capítulos 3, 4 e 5 consistem em artigos científicos já publicados ou ainda 
em fase de submissão a periódicos de circulação internacional. No Capítulo 3, são 
apresentados os primeiros resultados experimentais sobre a produção de nanopartículas 
lipídicas sólidas e carreadores nanoestruturados utilizando-se tristearina, óleo de girassol 
alto oleico e surfactante Tween 80, através do método de deslocamento de solvente, com 
uma perspectiva de aplicação futura das estruturas em produtos alimentícios. O Capítulo 
4 traz resultados experimentais sobre a utilização de proteínas do leite, caseínas e 
lactoferrina, como agentes surfactantes para a estabilização da interface de nanopartículas 
lipídicas sólidas produzidas com tristearina, ainda pelo método de deslocamento de 
solvente. Este capítulo surgiu da ideia de se buscar cada vez mais a aplicação de 
ingredientes seguros, naturais, funcionais e saudáveis em produtos alimentícios. As 
proteínas, principalmente proteínas do leite, já vem sendo bastante estudadas como 
agentes estruturantes/emulsificantes em produtos alimentícios, como emulsões por 
exemplo. Neste trabalho, buscamos a aplicação destas proteínas em substituição aos 
ingredientes sintéticos que em geral são utilizados, mas que possuem várias limitações 
legais quanto ao seu uso, como os surfactantes. A utilização proteínas para estabilizar 
estruturas na nanoescala vem atraindo bastante interesse na última década de pesquisas, 
mas muita coisa ainda há para ser estudada. O Capítulo 5 por sua vez, apresenta os 
resultados da utilização de dois dispositivos microfluídicos para a obtenção de 
nanoemulsões diluídas de óleo de girassol alto oleico e Tween 80 como surfactante. A 
motivação desde capítulo se deu pelo fato da microfluídica ser uma ferramenta bastante 
eficaz na obtenção de vários tipos de estruturas nos mais variados tamanhos, e com 
excelente controle de processo. Desta forma, esta tecnologia parece ser bastante 
promissora para obtenção de sistemas lipídicos nanoparticulados. Devido a dificuldades 
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tecnológicas, não foi possível a obtenção de nanopartículas lipídicas sólidas por esta 
técnica. Assim, a viabilidade de se obter nanoemulsões foi avaliada. Por fim, os Capítulos 
6 e 7 trazem as discussões e conclusões gerais da tese. O Capítulo 8 apresenta a coleção 
de referências bibliográficas consultadas e o Capítulo 9 traz a licença para reprodução 
do artigo já publicado como Anexo. 
 
 
 
 
 
 
 
 
 
 
 
25 
 
 
 
 
 
 
 
CAPÍTULO 2 
Revisão bibliográfica 
 
 
 
 
 
 
26 
 
2.1 REVISÃO BIBLIOGRÁFICA 
2.1.1 Nanoemulsões 
Nanoemulsões (NE) são emulsões com tamanhos de gota na faixa de 20 a 100 
nm (GUPTA et al., 2006). Esta classificação ainda é bastante controversa, uma vez que 
diversos autores ainda classificam como nanoemulsões aquelas com gotas de tamanhos 
variando entre 50 e 1000 nanômetros (CHIME, KENECHUKWU & ATTAMA, 2014). 
Assim como uma emulsão convencional, as nanoemulsões são formadas por uma fase 
oleosa, uma fase aquosa e um emulsificante. As nanoemulsões costumam ter melhor 
estabilidade à agregação de partículas e separação gravitacional quando comparadas a 
emulsões tradicionais (TADROS et al., 2004). Apesar disto, estes sistemas estão sujeitos 
aos mesmos mecanismos físico-químicos de desestabilização, tais como floculação, 
sedimentação, coalescência, cremeação e amadurecimento de Ostwald (Figura 2.1). As 
nanoemulsões ganharam grande popularidade nas últimas décadas por causa de suas 
propriedades, como elevada área superficial, alta estabilidade e propriedades reológicas 
ajustáveis através do controle da fração volumétrica das fases e tamanhos de gota. 
Nanoemulsões em geral apresentam maior comportamento elástico em relação às 
emulsões convencionais. Esse ajuste na reologia é especialmente interessante na 
percepção do consumidor, tanto em produtos alimentícios e/ou cosméticos. (GUPTA et 
al., 2006). 
 
Figura 2.2 Mecanismos físico-químicos de desestabilização de nanoemulsões. Adaptado de 
McClements & Rao (2011). 
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Quanto às aplicações, as nanoemulsões lipídicas já eram utilizadas na década 
de 50 com o propósito de alimentação parenteral empregando óleos vegetais (óleo de soja, 
por exemplo) como fase lipídica (MEHNERT & MÄDER, 2001). Hoje, as aplicações das 
nanoemulsões se concentram principalmente como sistemas de incorporação e liberação 
controlada de compostos bioativos de interesse.  A capacidade das nanoemulsões para 
solubilizar compostos hidrofóbicos, juntamente com a sua compatibilidade mútua e 
capacidade de proteger estes componentes da degradação devido à fatores externos, 
tornam-nos veículos ideais para incorporação e entrega controlada (RAVI & PADMA, 
2011). 
As nanoemulsões apresentam diversas vantagens de aplicação, entre elas: 
pequeno tamanho de gota, garantindo altas relações área/volume; podem ser preparadas 
com quantidades razoáveis de surfactantes, ao contrário das microemulsões onde 
elevadas quantidades destes são necessárias; aumentam a biodisponibilidade e eliminam 
a variabilidade na absorção de componentes bioativos; melhoram a estabilidade de 
compostos quimicamente instáveis pela proteção destes da oxidação e da degradação por 
fatores externos (luz, temperatura, pH, força iônica, por exemplo); podem ser utilizadas 
como substitutos a sistemas lipossomais e vesiculares, que podem ser mais instáveis 
dependendo das condições a quais estes sistemas podem ser submetidos (CHIME, 
KENECHUKWU & ATTAMA, 2014). 
Por outro lado, diversos desafios ainda estão relacionados ao uso das 
nanoemulsões como sistemas de proteção e liberação controlada de compostos bioativos. 
As desvantagens incluem o alto custo de produção destes sistemas via processos 
convencionais (altas pressões, microfluidização, ultrassonicação, etc.); a estabilidade, 
pois apesar de serem mais estáveis cineticamente que as emulsões convencionais, as 
nanoemulsões são fortemente influenciadas pelo amadurecimento de Ostwald; e a falta 
de compreensão mais clara da química interfacial envolvida na produção destes sistemas. 
2.1.2 Nanopartículas Lipídicas Sólidas 
As nanopartículas lipídicas sólidas (NLS) são nanoestruturas caracterizadas 
pela presença de um núcleo formado por uma matriz lipídica sólida à temperatura 
ambiente, recoberta por uma camada de moléculas de surfactante (PARHI & SURESH, 
2012). Também são reportadas nanopartículas recobertas com filmes proteicos e/ou 
polissacarídeos. O uso de lipídios sólidos na composição da matriz destas partículas 
surgiu no início da década de 90, como alternativa aos sistemas carreadores que eram 
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utilizados, tais como emulsões, lipossomas e micro e nanopartículas poliméricas 
(EKAMBARAM et al. 2012). A presença de um lipídio sólido na nanopartícula pode 
diminuir consideravelmente a mobilidade do composto ativo em seu interior, impedindo 
a difusão do composto para a superfície da partícula, onde estes são mais propensos à 
oxidação (SALMINEN et al. 2014; MCCLEMENTS et al. 2007). Essa propriedade pode 
conferir ao sistema uma capacidade de liberação muito mais sustentada em relação as 
emulsões convencionais (contendo em seu núcleo lipídios no estado líquido) (MEHNERT 
& MÄDER, 2001). A Figura 2.2 mostra esquematicamente a diferença entre as estruturas 
de uma nanoemulsão lipídica e de uma nanopartícula lipídica sólida estabilizadas por uma 
camada de surfactante. 
 
Figura 2.2 Estruturas de uma nanoemulsão e de uma nanopartícula lipídica sólida. Adaptado de 
Weiss et al. (2008). 
As nanopartículas lipídicas sólidas foram desenvolvidas a fim de combinar as 
vantagens de outros nanocarreadores (nanopartículas poliméricas, lipossomas, 
nanoemulsões) e evitar suas desvantagens (TAMJIDI et al. 2013).  Dentre as vantagens 
das NLS, destacam-se a alta eficiência de encapsulação, o não uso de solventes orgânicos 
tóxicos (apenas em alguns métodos de produção), possibilidade de produção em larga 
escala e aumento da estabilidade do composto ativo (MÄDER & MEHNERT, 2005; 
MEHNERT & MÄDER, 2001). No entanto, as nanopartículas lipídicas sólidas 
apresentam algumas limitações, tais como reduzidas capacidades de carga do composto 
ativo e possível liberação dos bioativos durante a estocagem, devido principalmente ao 
processo de cristalização e recristalização dos lipídios (TAMJIDI et al. 2013; MÜLLER 
et al. 2002a). Devido ao fato da grande maioria dos compostos ativos apresentarem maior 
solubilidade em lipídios líquidos em relação aos lipídios sólidos (TAMJIDI et al. 2013), 
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foi desenvolvida uma nanoestrutura formada pela mistura de lipídios sólidos e líquidos 
denominada de carreadores lipídicos nanoestruturados. 
2.1.3 Carreadores Lipídicos Nanoestruturados 
Os carreadores lipídicos nanoestruturados (CLN) representam uma 
modificação das nanopartículas lipídicas sólidas, onde a fase lipídica é composta por 
lipídios em estado líquido (óleos) e em estado sólido (gorduras) (MÜLLER et al. 2002ab), 
incompatíveis estruturalmente entre si. Em contraste com a organização das moléculas 
nas nanopartículas lipídicas sólidas, a incorporação de lipídios líquidos na matriz resulta 
em imperfeições na estrutura cristalina (HU et al. 2005), o que acarreta em maiores 
espaços para a encapsulação de ativos (JENNING et al. 2000). 
Diferentemente das nanopartículas lipídicas sólidas, que apresentam uma 
matriz lipídia sólida quase perfeita (Figura 2.3a), os carreadores lipídicos 
nanoestruturados podem se apresentar em três diferentes estruturas, sendo que a obtenção 
de cada uma delas depende da formulação e do processo utilizado em sua produção 
(TAMJIDI et al. 2013): CLN com estrutura imperfeita (Figura 2.3b), onde as distâncias 
entre as cadeias dos ácidos graxos causam imperfeições na estrutura cristalina que 
permitem a acomodação do bioativo; CLN com estrutura amorfa (Figura 2.3c), onde o 
lipídio na matriz da nanopartícula se apresenta no estado amorfo ao invés do estado 
cristalino, e o carreador lipídico nanoestruturado de estrutura múltipla (Figura 2.3d), onde 
a nanopartícula contém pequenos compartimentos de óleo líquido no qual o composto 
ativo é dissolvido.  
 
Figura 2.3 Diferentes estruturas de carreadores lipídicos nanoestruturados. a) NLS com matriz 
lipídica sólida quase perfeita; b) CLN com estrutura imperfeita; c) CLN com estrutura amorfa; d) 
CLN de estrutura múltipla. Adaptado de Radtke e Müller (2001). 
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2.1.4 Ingredientes para obtenção de NE, NLS e CLN 
2.1.4.1 Composição lipídica  
As nanoemulsões, nanopartículas lipídicas sólidas e os carreadores lipídicos 
nanoestruturados se diferenciam entre si pela composição da matriz lipídica interna. 
Nanoemulsões são formadas por lipídios totalmente líquidos à temperatura ambiente. Por 
outro lado, enquanto as NLS são formadas por lipídios em estado sólido à temperatura 
ambiente, os carreadores nanoestruturados são formados por lipídios em estado líquido 
dispersos em uma matriz lipídica sólida. A composição da fração lipídica dessas duas 
partículas é um dos parâmetros mais importantes no controle das propriedades e estrutura 
dos sistemas. A escolha do tipo de lipídio irá determinar as condições nas quais as 
partículas deverão ser fabricadas (WEISS et al. 2008).  
Para a obtenção das NLS, a escolha do lipídio irá influenciar na capacidade 
de encapsulação do bioativo lipofílico escolhido. Triacilgliceróis (TAGs), por exemplo, 
são mais comumente utilizados na produção deste tipo de partícula. Este tipo de lipídio 
exibe polimorfismo durante o resfriamento, ou seja, as cadeias individuais de ácidos 
graxos podem assumir uma variedade de configurações, que levarão à formação de 
cristais do tipo α, β’ e β. TAGs homogêneos (que apresentam estruturas moleculares 
similares) tendem a formar cristais mais perfeitos, o que pode levar à agregação e 
desestabilização das nanopartículas lipídicas sólidas no processo de resfriamento. O uso 
de triacilgliceróis heterogêneos (com diferentes estruturas moleculares) irá favorecer a 
formação de partículas esféricas devido à presença de cristais em conformação do tipo α, 
gerando NLS que, apesar de menor instabilidade termodinâmica, apresentam menores 
densidades de empacotamento dos lipídios e maior taxa de incorporação de bioativos 
(MEHNERT & MÄDER, 2001; WEISS et al. 2008).  
Como lipídios em geral possuem baixa toxicidade e são seguros para 
utilização em alimentos, a variedade de possibilidades para obtenção das NLS são 
inúmeras. Diversos triacilgliceróis foram reportados para a produção de nanopartículas 
lipídicas sólidas, tais como tricaprina (ESPOSITO et al. 2008; JIN & KIM, 2014), 
trilaurina (CHRISTOPHERSEN et al. 2014; WASUTRASAWAT et al. 2013; CHEN et 
al. 2013), tripalmitina (KUMAR & PUNNIAMURTHY, 2017; LEIVA et al. 2017; 
PIZZOL et al. 2014; PUGLIA et al. 2013; SCHOENITZ et al. 2014; WASUTRASAWAT 
et al. 2013) e triestearina (CHRISTOPHERSEN et al. 2014; HAQUE et al. 2018; 
SALMINEN et al. 2014; SILKI & SINHA, 2018; YANG et al. 2014). Além dos 
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triacilgliceróis, ácidos graxos (ácido esteárico, ácido palmítico, ácido cáprico, ácido 
beénico, etc.) (XIE et al. 2011; KUMAR & RANDHAWA, 2015; RABELO et al. 2018), 
esteroides (colesterol) (EMAMI et al. 2015) e ceras também foram estudados para a 
produção das NLS. 
Para a produção dos carreadores lipídicos nanoestruturados, a matriz lipídica 
sólida é geralmente produzida pelos mesmos lipídios utilizados nas nanopartículas 
lipídicas sólidas. A fração líquida da matriz lipídica é obtida pelo uso de óleos vegetais, 
como soja e milho (CHINSRIWONGKUL et al. 2012; KRAISIT & SARISUTA, 2018; 
LIU e WU, 2010; MITRI et al. 2011; NGUYEN et al. 2012; ZHANG et al. 2011), 
triacilgliceróis de cadeia média (GUO et al. 2012; HAAG et al. 2011; HAN et al. 2008; 
HU et al. 2006; SHIN & KIM, 2018) e ácido oleico (CHINSRIWONGKUL et al. 2011; 
FATHI et al. 2012; HU et al. 2005; LIU et al. 2011; RABELO et al. 2018). A escolha de 
uma mistura lipídica apropriada é primordial para a obtenção de carreadores lipídicos 
nanoestruturados. Dentre os requisitos para a escolha ideal dos lipídios estão: a 
solubilidade do composto ativo na matriz lipídica e a incompatibilidade estérica das 
moléculas de lipídios sólidos e líquidos, de forma que as moléculas do lipídio líquido não 
participem da matriz cristalina do lipídio sólido e os cristais de lipídio sólido não se 
solubilizem na fração líquida, o que é garantido utilizando os lipídios em proporções 
adequadas (KASONGO et al. 2011; TAMJIDI et al. 2013). 
2.1.4.2 Surfactantes 
A presença de surfactantes nos processos de obtenção de nanopartículas é 
essencial para formação destas estruturas, além de aumentar a estabilidade das mesmas. 
Por isto, é importante que sejam utilizadas quantidades suficientes destas moléculas para 
que uma camada protetora seja formada em volta do núcleo lipídico durante a formação 
das partículas (EL KINAWY et al. 2013). 
Para produção de nanopartículas lipídicas sólidas e carreadores lipídicos 
nanoestruturados são usados, em geral, misturas de surfactantes. São comumente 
utilizados surfactantes hidrofílicos e surfactantes hidrofóbicos, com intuito de aumentar 
a proteção e estabilidade dos nanocarreadores (TAMJIDI et al. 2013). Os surfactantes 
mais utilizados para obtenção de nanopartículas lipídicas são Tween 80 
(DOKTOROVOVÁ et al. 2010; FANG et al. 2008; FATHI et al. 2012; HENTSCHEL et 
al. 2008; KUMAR & PUNNIAMURTHY, 2017; PANDYA et al. 2018), Tween 20 
(LACATUSU et al. 2012; VARSHOSAZ et al. 2012; WANG et al. 2017), lecitinas 
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(CHEN et al. 2010; CHINSRIWONGKUL et al. 2011; DOKTOROVOVÁ et al. 2010; 
GUO et al. 2012, SARANGI et al., 2018; TRUCILLO & CAMPARDELLI, 2018) e 
poloxamer 188 (ALI et al. 2010; BHATT et al. 2018; CHEN et al. 2010; CHOKSHI et 
al. 2018; HAN et al. 2008; ZHANG et al. 2008ab; YUN et al. 2009).  
2.1.4.2.1 Proteínas do leite 
Proteínas são ingredientes essenciais na indústria alimentícia, não só devido 
ao seu valor nutricional, mas também devido às suas propriedades funcionais. Essas 
propriedades são resultado das interações físico-químicas entre componentes dos 
sistemas alimentícios, sendo suas propriedades interfaciais as mais conhecidas e 
utilizadas (CABRA, ARREGUIN & FARRES, 2008). Em proteínas nativas, a maioria 
das cadeias laterais de aminoácidos não-polares estão localizadas no interior das 
moléculas, enquanto os grupos carregados se localizam na superfície da molécula, 
formando regiões hidrofóbicas e hidrofílicas em uma mesma molécula. Esta combinação 
confere as proteínas grande atividade interfacial, possibilitando fortes interações com 
outros componentes alimentícios (DICKINSON, 1998). Um dos principais mecanismos 
dos quais as proteínas podem participar envolve a remoção de grupos hidrofóbicos do 
ambiente aquoso. Na presença de uma interface oleosa por exemplo, a molécula de 
proteína pode começar a se desdobrar, causando a exposição de grupos hidrofóbicos à 
interface. Devido a esta propriedade, é cada vez mais crescente o interesse na utilização 
de proteínas como agentes surfactantes em produtos alimentícios emulsionados. 
 Dentre a enorme gama de proteínas disponíveis, as proteínas do leite são 
muito utilizadas como emulsificantes/estabilizantes em sistemas emulsionados, com 
vasta gama de publicações envolvendo sua aplicação, principalmente devido à facilidade 
de purificação, baixo custo e alta disponibilidade de matéria prima (GUZEY & 
MCCLEMENTS, 2006). De forma geral, todas proteínas do leite têm se mostrado bons 
agentes de superfície, como as caseínas (FURTADO et al., 2017), lactoferrina 
(FURTADO et al., 2017), as proteínas do soro (HU et al. 2003) e suas frações (α-
lactalbumina, β-lactoglobulina). Em sistemas lipídicos nanoestruturados, alguns poucos 
trabalhos reportam a utilização de proteínas do leite como surfactantes. Mehrad et al. 
(2018) produziram nanopartículas lipídicas sólidas para encapsulação de β-caroteno 
utilizando isolado proteico de soro de leite como surfactante, enquanto Yi et al. (2014) 
reportaram a produção de nanopartículas para veiculação de β-caroteno utilizando-se 
caseinato de sódio, isolado proteico e soro de leite e de soja. Cornacchia e Roos (2011a, 
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2011b) estudaram a estabilidade do β-caroteno em um sistema de partículas lipídicas 
estabilizadas por caseínas e isolado proteico de soro de leite. 
2.1.4.2.1.1 Caseinato de sódio 
As caseínas representam a maior fração proteica do leite, representando cerca 
de 80% de toda a proteína presente neste tipo de alimento (DAMODARAN, PARKIN & 
FENNEMA, 2007). No leite e/ou em outros meios aquosos, a caseína se apresenta sob a 
forma de micelas devido à presença de regiões de alta hidrofobicidade em sua estrutura e 
a distribuição de cargas dos aminoácidos. As caseínas apresentam ainda estrutura 
altamente desorganizada, formam pouca estrutura secundária e terciária e não formam 
estruturas globulares (WALSTRA, WOUTERS & GEURTS, 2006). São proteínas 
extremamente flexíveis e resistentes a alterações conformacionais quando submetidas a 
altas temperaturas. As caseínas geralmente são encontradas comercialmente sob a forma 
de caseinatos, os quais são formados por precipitação das caseínas com ácidos e posterior 
dissolução em meio básico (geralmente hidróxido de sódio). Em pH neutro, o caseinato 
de sódio apresenta carga negativa (MA et al., 2009). Devidos suas boas propriedades 
gelificantes e emulsificantes, o caseinato de sódio tem sido bastante utilizado como 
ingrediente na indústria alimentícia (DICKINSON & GOLDING, 1997; DICKINSON, 
2006). Para estabilização de nanopartículas, o caseinato de sódio tem se mostrado 
eficiente para obtenção de nanopartículas lipídicas estáveis e, com boa capacidade de 
incorporação de bioativos hidrofóbicos (XUE et al., 2017; WANG et al., 2016ab; YI et 
al., 2014; CORNACCHIA & ROOS, 2011a). 
2.1.4.2.1.2 Lactoferrina 
A lactoferrina é uma fração minoritária do soro de leite. É uma glicoproteína 
globular e apresenta diversas funções biológicas, tais como capacidade antioxidante, 
antimicrobiana, antiviral e ainda anticancerígena (WAKABAYASHI, YAMAUCHI & 
TAKASE, 2006). Se destaca por ter um alto ponto isoelétrico, apresentando carga 
superficial positiva em pH neutro, ao contrário da maioria das proteínas lácteas. Estudos 
recentes têm mostrado a capacidade da lactoferrina como agente emulsificante na 
estabilização de emulsões (SARKAR, GOH & SINGH, 2009; SARKAR, HORNE & 
SINGH, 2010; TOKLE & MCCLEMENTS, 2011; PINHEIRO, COIMBRA & 
VICENTE, 2016; FURTADO et al. 2017). Em sistemas lipídicos nanométricos, a 
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lactoferrina vem sendo estudada na formação de conjugados com nanopartículas lipídicas 
visando um aumento da biocompatibilidade destas partículas com locais específicos do 
organismo humano, melhorando a entrega dos compostos de interesse (SINGH et al., 
2016; KUO & CHENG, 2016; PANDEY et al. 2017). 
2.1.5 Métodos de produção de NE, NLS e CLN 
As nanoemulsões, nanopartículas lipídicas sólidas e os carreadores lipídicos 
nanoestruturados são geralmente obtidos pelos mesmos processos de produção. Estes 
processos podem ser divididos em processos de alta e de baixa energia. 
 Dentre as técnicas de alta demanda energética estão a homogeneização a 
quente, que pode ser realizada a altas pressões, utilizando sondas/banhos ultrasônicos e 
também microfluidizadores, além da homogeneização a frio. Nestes processos, a 
cavitação e a tensão de cisalhamento são as forças que irão formar as partículas na faixa 
de tamanho desejada (LIPPACHER et al., 2000). Em ambas as técnicas de 
homogeneização, uma pré-emulsificação com o lipídio fundido é necessária. No processo 
à quente, esta pré-emulsão é processada ainda a altas temperaturas, para obtenção das 
estruturas no tamanho desejável. Em seguida, é feito o resfriamento rápido para 
solidificação das nanopartículas (LIU et al., 2008; KÜCHLER et al., 2009). No processo 
a frio, a pré-emulsão é rapidamente resfriada e enviada para moinhos, onde as partículas 
maiores são quebradas até tamanho micrométrico, onde são suspendidas em meio aquoso 
para serem sujeitas a uma etapa final de homogeneização a alta pressão, onde as forças 
de cavitação quebram as partículas micrométricas em NLS (YOU et al., 2007).  
As técnicas de baixa energia incluem emulsificação-evaporação de solvente 
(JIN et al., 2007), emulsificação-difusão de solvente (ZHANG et al., 2006), utilização de 
membranas (CHARCOSSET et al., 2005), técnica de emulsão dupla (CORTESIA et al., 
2002), métodos de inversão de fases (temperatura de inversão de fase, inversão da 
composição de fases e ponto de inversão da emulsão (BORRIN, 2015; MAYER, WEISS 
& MCCLEMENTS, 2013; MCCLEMENTS & RAO, 2011)) e deslocamento de solvente 
(injeção direta de solvente). Nestes métodos, a maior parte da energia livre associada à 
formação das nanoestruturas provém de processos físico-químicos e não da aplicação de 
forças mecânicas. Recentemente, tem havido um crescente interesse na produção destes 
sistemas por métodos de baixa energia, uma vez que o uso de equipamentos sofisticados 
e de altos custos (como homogeneizadores) não é requerido (SOLANS & SOLE 2012; 
GULOTTA et al., 2014). Apesar disso, estes métodos ainda necessitam de um maior 
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entendimento em relação as condições ideais de produção, tanto operacionais quanto na 
escolha do tipo e quantidade dos ingredientes utilizados (KOMAIKO & 
MCCLEMENTS, 2016). A produção e nanoestruturas pelo método de deslocamento de 
solvente, em especial, se destaca por ser uma técnica que permite a obtenção de 
nanopartículas de uma forma fácil, rápida, de baixo custo e de simples ampliação de 
escala. 
2.1.5.1 Técnica de deslocamento de solvente 
A técnica de deslocamento de solvente para a fabricação de NLS apresenta 
algumas vantagens sobre outras técnicas de produção, como o uso de solventes orgânicos 
seguros, fácil manuseio e processo de produção rápido sem equipamentos tecnicamente 
sofisticados. O princípio da preparação baseia-se em precipitação de lipídios quando 
dispersos em solução aquosa. Um lipídio sólido é inicialmente dissolvido em um solvente 
miscível em água (etanol, acetona, isopropanol, por exemplo) à uma temperatura acima 
de seu ponto de fusão. Em seguida, esta mistura é injetada através de uma agulha de 
injeção em uma fase aquosa contendo surfactante, também aquecida acima do ponto de 
fusão do lipídio, que permanece sob agitação por tempo suficiente. A presença de 
emulsificantes na fase aquosa ajuda na produção das pequenas gotas de lipídios e 
estabilizam as nanopartículas até que a difusão do solvente se complete (SHUBERT et 
al. 2003). Ao final do processo, a dispersão é resfriada à temperatura ambiente ou abaixo 
dela para solidificação dos lipídios. 
Esta técnica apresenta resultados bastantes satisfatórios e já vem sendo 
utilizada para obtenção de NLS enquanto a produção de CLN ainda não é muito 
explorada. Uma desvantagem dessa técnica é o pouco controle no processo difusivo do 
solvente para a fase aquosa, e, sendo essa a principal força motriz presente no sistema, 
nanopartículas grandes e com elevado índices de polidispersidade podem ser obtidas por 
meio dessa técnica (NORIEGA-PELÁEZ et al., 2011). Assim, surge como alternativa a 
utilização de dispositivos microfluídicos para contornar este problema. 
2.1.5.1.1 Métodos microfluídicos 
A microfluídica pode ser definida como uma tecnologia que promove e 
investiga o comportamento dos fluidos em escala microscópica. O uso de dispositivos 
microfluídicos apresenta uma série de vantagens em relação a outras técnicas de produção 
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de partículas do ponto de vista tecnológico e econômico. O volume de fluidos no interior 
destes sistemas é muito pequeno, variando de alguns microlitros até poucos nanolitros. 
Em diversas aplicações, essa redução de volume é especialmente interessante, como em 
situações de uso de reagentes de alto custo ou quantidades reduzidas de amostra (BRUUS, 
2007). 
As primeiras aplicações da microfluídica foram iniciadas no início dos anos 
90, em estudos da reologia do sangue (KIKUCHI et al. 1992) e detecção química 
(cromatografia gasosa, análises de glicose “on-line”, por exemplo) (MANZ et al. 1992). 
Uma década depois, as aplicações de microfluídica foram expandidas para uma ampla 
gama de áreas: química, biológica (SIA & WHITESIDES, 2003; THEBERGE et al. 
2010), ciências agrícolas e alimentares (LIN & LEE, 2010; NEETHIRAJAN et al. 2011; 
SKURTYS & AGUILERA, 2008). Vários tipos de estruturas podem ser obtidas 
utilizando os dispositivos microfluídicos, tais como estruturas auto organizáveis (HSU et 
al., 2015; MENDES et al 2013), emulsões (ROZYNEK et al., 2018; JI et al., 2018; 
COMUNIAN et al., 2014; NABAVI et al., 2017; NEVES et al 2008ab; SAITO et al 2006; 
YIN et al., 2006.) e estruturas baseadas em emulsões, como micropartículas lipídicas 
sólidas (KIM & VANAPALLI, 2013; SUGIURA et al. 2000) e microesferas 
biopoliméricas (FANG & CATHALA, 2011; ZHENG et al. 2007). Devido ao controle 
preciso do processo, esta técnica vem sendo bastante estudada para a encapsulação de 
compostos em sistemas a base de gotas e/ou partículas poliméricas (géis) em tamanho 
micrométrico (COSTA et el., 2017; USHIKUBO et al., 2014; PESSI et al. 2014; 
COMUNIAN et al. 2014; SAMIMI et al. 2014; WAN et al. 2012; CHU et al. 2013; YEH 
et al. 2009; UM et al. 2008). 
A produção de nanopartículas em dispositivos microfluídicos ainda é um 
grande desafio. Poucos trabalhos na área foram desenvolvidos, sendo a grande maioria 
destes voltados para a produção de vesículas lipossomais (JAHN et al. 2007; JAHN et al. 
2010; BALBINO et al. 2013; PHAPAL & SUNTHAR, 2013; LO et al. 2010; HUANG et 
al. 2010; MICHELON et al. 2017). A produção de nanopartículas lipídicas em 
microcanais foi reportada apenas por Yun et al. (2009), Zhang et al. (2008a) e Zhang et 
al. (2008b), enquanto publicações sobre a formação de carreadores lipídicos 
nanoestruturados em microfluídica não foram encontradas. Estes trabalhos de obtenção 
de SLN utilizando microfluídica não apresentam uma perspectiva de aplicação em 
alimentos, uma vez que utilizam componentes não seguros (GRAS). Além disso, não há 
informações na literatura disponíveis sobre a eficiência de encapsulação de compostos 
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hidrofóbicos utilizando esta técnica. Dessa forma, a produção das nanopartículas lipídicas 
em microcanais com uma perspectiva de aplicação na encapsulação de compostos de 
interesse da área alimentar ainda é um desafio, principalmente devido à limitação dos 
ingredientes que podem ser utilizados e ao controle das condições de processo.  
A produção de nanopartículas lipídicas em dispositivos microfluídicos se dá 
pelo mesmo princípio da técnica de deslocamento de solvente. Atualmente, duas 
configurações de microcanais são mais difundidas, sendo elas a focalização 
hidrodinâmica em dispositivos planares, geralmente produzidos por polidimetilsiloxano 
(PDMS) e o escoamento concorrente em microcanais capilares concêntricos, fabricados 
em vidro.  No primeiro, a fase orgânica composta pelo lipídio solubilizado em um 
solvente miscível em água atravessa o canal central do microcanal, enquanto duas 
correntes laterais de água (no caso dos dispositivos planares) contendo surfactante 
encontram perpendicularmente o canal central. Nesta região, ocorre a formação de uma 
região de encontro entre as duas fases, onde predomina a difusão do solvente para a fase 
aquosa, devido ao regime laminar característico deste sistema. Devido à supersaturação 
local de lipídios, as nanopartículas são formadas pela agregação e precipitação dos 
mesmos. Uma vez que este método dispensa o uso de condições operacionais críticas 
como altas pressões e altas temperaturas, é esperado que esta metodologia seja uma das 
mais interessantes alternativas para a obtenção das partículas lipídicas nanométricas 
(ZHANG et al. 2008a). O princípio de formação das nanopartículas lipídicas é similar ao 
desenvolvido por Jahn et al. (2004), para obtenção de lipossomas em microcanais (Figura 
2.4). 
 
Figura 2.4 Processo de focalização hidrodinâmica em microcanais para produção de nanopartículas. 
Adaptado de Jahn et al. (2004). 
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Dispositivos capilares de vidro têm sido usados principalmente para a 
preparação de emulsões, micropartículas derivadas de emulsões sistemas vesiculares. 
Comparado ao dispositivo planar produzido em polidimetilsiloxano (PDMS) para o 
método de focalização hidrodinâmica, os dispositivos capilares de vidro oferecem várias 
vantagens, tais como menor custo fabricação; não requer uma etapa de moldagem durante 
a produção; não está sujeito ao inchamento devido ao uso de altas pressões; apresenta 
maior resistência química a solventes orgânicos específicos; sua geometria tridimensional 
posiciona a fase orgânica no centro do canal, estando toda ela recoberta pela fase aquosa 
durante a passagem pelos canais, o que facilita a produção de emulsões/nanoemulsões do 
tipo óleo em água (OTHMAN et al. 2015). A Figura 2.5 apresenta uma representação de 
um microcanal com escoamento concorrente para obtenção de nanoestruturas. 
 
Figura 3.5 Dispositivo microfluídico de escoamento concorrente produzido pela montagem coaxial 
de capilares de vidro, onde a fase orgânica flui pelo capilar interno e a fase aquosa pelo capilar mais 
externo. Adaptado de Vladisavljević et al. (2014). 
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Highlights 
• Lipid nanoparticles with tristearin and high oleic sunflower oil were produced; 
• Solvent displacement method generated particles in nanometric range; 
• High sunflower oil content generated particles with less-organized lipid matrix; 
• β-carotene incorporation was enhanced for high sunflower oil content; 
• Degradation of incorporated β-carotene was lower for high sunflower oil content. 
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Abstract 
Tristearin solid lipid nanoparticles and tristearin/high oleic sunflower oil nanostructured 
lipid carriers were produced by solvent displacement method. All conditions allowed 
forming polydisperse particles within nanometric range and the presence of high oleic 
sunflower oil did not affect the particles mean size. Nevertheless, incorporation of β-
carotene reduced the particles polydispersity. Thermograms of solid lipid nanoparticles 
and nanostructured lipid carriers showed that sunflower oil generated a crystal order 
disturbance, since nanoparticles with less-organized lipid matrix were produced. 
Nanostructured lipid carriers exhibited an improvement of β-carotene loading capacity 
when compared with solid lipid nanoparticles, which enhanced with the increasing of 
high oleic sunflower oil content. Although total β-carotene degradation was similar for 
all systems, color analysis showed that the degradation of encapsulated β-carotene was 
lower for high sunflower oil content. Nanostructured lipid carriers exhibited advantages 
over the solid lipid nanoparticles, such as enhanced drug loading capacity and prevention 
of drug expulsion, which makes this a versatile delivery system for food applications. 
Keywords: solid lipid nanoparticle; nanostructured lipid carrier; β-carotene; high oleic 
sunflower oil; solvent displacement. 
3.1 Introduction 
Physicochemical properties of nanostructures are completely different of 
those displayed at the macroscale, since individual interactions between atoms and 
molecules become important, enabling unique and differentiated functional applications 
of these systems (Neethirajan & Jayas, 2011). Nanoencapsulation systems have a great 
potential application in the pharmaceutical, cosmetic and food industries, since the large 
surface area per unit mass of nano-sized biomaterials may increase their biological 
activity. These systems are usually produced in two major ways: based on polymers or 
lipids. Polymeric nanoparticles show limited application in food products because of the 
potential toxicity of some polymers, besides of the solvents addition that could not be 
allowed by legal restrictions (Chen, Weiss, & Shahidi, 2006; Weiss et al., 2008; 
Müller,Mader, & Gohla, 2000). For this reason, the lipids-based nanoparticles have been 
increasingly used for food applications. 
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Lipid based nanoparticles include solid lipid nanoparticles (SLN) and 
nanostructured lipid carriers (NLC), which differ from each other by the lipid 
composition of the matrix, leading to different properties and applications. SLNs are 
produced only with solid lipids at room ambient (fat), while the NLC are obtained by a 
combination of solid and liquid lipids (oil). Lipids have to be carefully selected prior to 
their use in preparation of lipid nanoparticles. SLN show better stability in complex 
systems and are able to withhold more quantity of bioactives within the core of the 
nanoparticles when compared to others lipid nanocarriers as nanoemulsions and 
liposomes (Aditya & Ko, 2015). Moveover, SLN show a longer drug releasing period, 
since a higher degradation time of solid matrix is necessary, enabling more protection 
against chemical reactions (Müller et al., 2000). Despite of these advantages, SLNs have 
some potential issues such as low drug loading and possibility of drug expulsion during 
storage. As much pure is the lipid used, less space is available to accommodate 
nutraceutical molecules (Westesen & Bunjes, 1995). The NLC were developed by Radtke 
and Müller (2001) to overcome these difficulties, mixing solid lipids with spatially 
incompatible liquid lipids. Therefore, special nanostructures were generated with oil 
incorporation into the core of a solid lipid, which leads to a higher loading capacity and 
controlled drug release, since the drug dissolves in the oil and simultaneously is 
encapsulated in the solid lipid (Tamjidi, Shahedi, Varshosaz, & Nasirpour, 2013). 
Three different structures for NLC has been proposed, and the production of 
each one will depend on the lipid composition of the system. The imperfect type occurs 
when liquid lipid is composed by very different fatty acid of the solid ones. It will lead to 
imperfections in solid lipid crystalline matrix and increase the space for bioactives 
molecules to accommodate; the structureless type is formed when the lipid solidifies in 
solid but in amorphous state, which reduces the incorporated bioactive expulsion due to 
crystallization process; and the multiple oil-in-solid fat-in water type, where the solid 
matrix of the lipid nanoparticle contains tiny liquid nanocompartments of oil. In these oil 
compartments the drug solubility is higher, thus increasing the total drug loading capacity 
and allowing prolonged drug release. The second and third structures can only be 
achieved by using special lipid blends and nonmechanical production methods, 
respectively (Müller, Radtke, & Wissing, 2002a). 
High energy production methods of SLN and NLC, as high pressure 
homogenization, microfluidization and ultrasonication, are preferred due to their easy 
scale-up. On the other hand, bottom up techniques have been used to produce these 
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systems with less energy demand, as the emulsification-solvent evaporation (Fathi, 
Martín, & McClements, 2014) and emulsification-solvent diffusion (Imbrogno, 
Piacentini, Drioli, & Giorno, 2014) methods. Both require large amount of solvents and 
a pre-emulsification step is necessary, limiting their applications and demanding more 
processing time and energy. In this way, the solvent injection (or solvent displacement) 
technique was demonstrated by Schubert and Müller-Goymann (2003) to be a feasible 
novel approach tomanufacture SLNs, showing some advantages over other conventional 
production techniques, as the use of food acceptable organic solvent, easy handling and 
fast production process without sophisticated equipments. The principle of preparation is 
based on the precipitation of a dissolved lipid in solution. Solid lipid (or a mixture of solid 
and liquid lipids) is dissolved in a water-miscible solvent (e.g. ethanol, acetone, 
isopropanol) or a water-miscible solvent mixture. Then, the lipid-solvent mixture is 
injected to a stirred aqueous phase with or without surfactant. The particle aggregation 
and crystal growth process is a layer-by-layer process, and it is dependent on the diffusion 
rate (Noriega-Peláez, Mendoza-Muñoz, Ganem-Quintanar, & Quintanar-Guerrero, 
2011). The presence of an emulsifier helps to produce lipid droplets at the site of injection 
and stabilize SLNs until solvent diffusion has been completed by reducing the surface 
tension between water and solvent (Schubert & Müller-Goymann, 2003). Residues of 
solvent in lipid nanoparticles may create toxicological problems that can fairly be 
dissipated by using GRAS solvents. On the other hand, few works reported the production 
of nanostructured lipid carries by this technique, and it is not clear how the mixture of 
solid and liquid lipids interacts with the absence of external forces to produce the 
nanoparticles. 
This technique has strongly been used to produce SLN aiming cosmetic and 
pharmaceutical products, while its application in food products using GRAS and cheap 
ingredients is still very limited. β-carotene loaded NLC has also been produced by solvent 
diffusion method by Hejri, Khosravi, Gharanjig, and Hejazi (2013). Palmitic acid and 
corn oil was used as solid and liquid lipids, respectively. Palmitic acid raises cholesterol 
concentrations and corn oil shows less oxidative stability when compared to others oils. 
In alternative to that, tristearin is a triglyceride composed by three molecules of stearic 
acid, which shows neutral metabolic effect. In contrast to others long-chain saturated fatty 
acid, stearic acid was shown not to raise low-density-lipoprotein cholesterol relative to 
oleic acid, which is known to be neutral in its effects on cholesterol concentrations 
(Grundy, 1994). For this reason, fats rich in stearic acid might be used in place of those 
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with others saturated fatty acids. Tristearin and stearic acid have been already used to 
produce nanostructured lipid carriers (Triplett & Rathman, 2009), with stearic acid 
resulting in smaller particles. On the other hand, it has to be considered that small 
molecules tend to generate more perfect crystals, which leads to less space for bioactives 
accommodation. Also, high oleic oils, as the high oleic sunflower oil (HOSO), have 
demonstrably greater values of oxidative stability when compared to oils with high 
content of polyunsaturated fatty acids. Because of that, we can expect that the production 
of NLC by mixing tristearin and high oleic sunflower oil may bring innumerous health 
benefits for consumers. 
Therefore, this work aimed extend the limited knowledge of using SLN and 
specially NLC produced by a simple technique as the solvent displacement, using food 
ingredients, as tristearin, high oleic sunflower oil and β-carotene for incorporation in the 
nanoparticles for further applications in food industry. The latter compound is a highly 
hydrophobic bioactive compound and recognized as a model molecule for evaluation of 
food delivery systems. 
3.2 Material and methods 
3.2.1 Material 
Lipid nanoparticles were produced with glyceryl tristearate (Sigma Aldrich, 
USA) and high oleic sunflower oil (HOSO) (Cargil, Brazil) as solid and liquid lipid 
respectively. Tween 80 (Dinâmica, Brazil) and absolute ethanol (HPLC degree) (Panreac, 
Spain) were used to promote particles stabilization and to solubilize the lipids before 
particles production, respectively. All other reagents used in the experiments were 
analytical grade. 
3.2.2 Methods 
3.2.2.1 Lipid particles production 
Lipid nanoparticles were produced by solvent displacement technique 
(Schubert & Müller-Goymann, 2003), with some modifications. For solid lipid 
nanoparticles production, tristearin (50 mg) was added to 10 mL of ethanol. For the 
nanostructured lipid carriers, a blend of tristearin and 10, 20 or 30% (w/w) of HOSO (50 
mg) was used. In both cases, the ethanolic solutions were hermetically sealed in glass 
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vials before to be heated up to 80 °C using a water bath. For β-carotene loaded 
nanoparticles, 5% (w/w) of this bioactive (in relation to total lipid mass) was added to the 
lipid mixture before the solvent addition, resulting in a β-carotene final concentration of 
25.0 μg/mL. In a jacketed vessel equipped with a four baffle system and a straight blade 
impeller, an aqueous solution (90 mL) of Tween 80 at 0.3% (w/v) was also heated to 80 
°C. The alcoholic solution of lipids was dripped at a constant flow rate of 5.0 mL/min 
with a peristaltic pump (Masterflex, Cole-Parmer Instrument Co., USA) in the aqueous 
solution, which was kept under constant stirring at 500 rpm. After the injection, the 
system was kept under stirring for 5 min to promote the complete diffusion of the solvent 
and the particle coating by surfactant molecules. Finally, the dispersions were rapidly 
cooled using ice bath and stored under refrigerating conditions (8 °C) protected from light 
for 14 days. Particle characterization measurements were performed after 24 h of storage. 
3.2.2.2 Particles characterization 
3.2.2.2.1 Size distribution and polydispersity 
Particles size distribution were determined at 20 °C by Dynamic Light 
Scattering (DLS) using the Zetasizer Nano-ZS (Malvern Instruments, UK) equipment. 
This technique is based on the dependence of intensity fluctuations of light scattering as 
a function of time due to Brownian motion of the particles in suspension. Mean diameter 
and polydispersity index of nanoparticles dispersions were evaluated from the scattered 
light intensity which is proportional to the sixth power of the particle diameter. The mode 
of the intensity peak for the size distribution was considered as the mean diameter. The 
polydispersity index was calculated from the cumulant analysis of the measured DLS 
intensity autocorrelation function. The polydispersity index varies from 0 to 1, where 
higher values indicate less homogeneous size distributions. 
3.2.2.2.2 Differential scanning calorimetry 
Thermal properties of the lipid nanoparticles were obtained by differential 
scanning calorimetry (DSC) using a calorimeter MicroCal VP-DSC (MicroCal Inc., 
USA). Approximately 500 μL of the particle dispersions were subjected to a heating 
sweep from 5 to 90 °C and a subsequent cooling from 90 to 5 °C, with a scanning rate of 
1.5 °C/min. The same volume of ultrapure water was used as the reference sample. 
Melting temperature (Tm) and enthalpy (ΔHm), and crystallization temperature (Tc) and 
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entalphy (ΔHc) were obtained from the thermograms. The crystallinity index (CI) was 
determined by the ratio of the nanoparticle dispersions melting enthalpy to the bulk 
tristearin melting enthalpy. Tm and Tc were identified from the peaks of the melting and 
crystallization events. 
3.2.2.2.3 Efficiency of β-carotene incorporation 
β-carotene was extracted from the aqueous dispersions of lipid nanoparticles by liquid–
liquid extraction using an ethanol–hexane mixture. Firstly, absolute ethanol (4.0 mL) was 
added to 1.0 mL of the particles dispersion. This mixture was heated to 80 °C during 30 
min to promote particles destabilization and then, hexane (3.0 mL) was added. After 
phase separation, hexane phase containing the extracted β-carotene was removed and 
diluted again with hexane until a known volume, in order to ensure that the absorbance 
was within the reading range (Hung et al., 2011 and Toniazzo et al., 2014). β-carotene 
content was measured from the absorbance of hexane phase at 450 nm in a 
spectrophotometer SP-220 (Biospectro, Brazil). The absorbance reading was related to 
the β-carotene molar absorption coefficient in hexane, which is 2592 M−1cm−1 
(Rodriguez- Amaya, 2001). The process efficiency of β-carotene incorporation (%) was 
estimated as the ratio between the amount of β-carotene-incorporated to the total amount 
of β-carotene added at the beginning of the process. 
3.2.2.2.4 Color 
The degradation of free β-carotene was monitored by colorimetry. The 
parameters of the tristimulus color system (L*a*b*) were obtained using a colorimeter 
UltraScanVIS 1043 (HunterLab, Reston, USA). The three coordinates represent the 
lightness (L* = 0 yields black and L* = 100 indicates diffuse white), the position between 
red/green (a*, negative values indicate green while positive values indicate red) and the 
position between yellow/blue (b*, negative values indicate blue and positive values 
indicate yellow). The parameter color change (ΔE*) was then calculated by ∆𝐸 =
√(𝐿∗ − 𝐿0
∗ ) + (𝑎∗ − 𝑎0
∗) + (𝑏∗ − 𝑏0
∗), where 𝐿∗, 𝑎∗ and 𝑏∗ corresponds to color 
parameters of nanoparticles dispersions, and 𝐿0
∗ , 𝑎0
∗  and 𝑏0
∗ corresponds to the color 
parameters of control samples. 
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3.2.2.2.5 Transmission electron microscopy (TEM) 
The transmission electron micrographs were obtained by negative staining 
method according to the protocol proposed by Théry et al. (2006) with some 
modifications proposed by Michelon et al. (2016). The SLN and NLC dispersions were 
ultracentrifuged (L8-80 M, Beckman Coulter Inc., USA) at 100,000×g for 1 h. The pellet 
obtained was resuspended in 100 μL of buffered formaldehyde solution (2% v/v). Nickel 
grids coated with Formvar® resin (vinyl polyacetate) were placed on a 50-μL droplet of 
the resuspended pellet (grid on drop). Afterwards, the grids were washed in phosphate 
buffer solution 100-μL droplets (PBS 10 mM, NaCl 150 mM, pH 7.4) for 3 times. In 
sequence, the grids were transferred to 50 μL droplets of glutaraldehyde 1% (v/v) and 
kept under room conditions for 5 minutes. Grids were then washed in distilled water 
droplets for 7 times. For the negative staining, grids were deposited on drops of uranyl-
oxalate solution (pH 7.0) and kept for 5 min. Grids were transferred to drops of a mixture 
(1:9 v/v) of uranyl oxalate solution and methyl cellulose (2% w/v) for 10 min. Excess of 
solutions were removed with filter paper (Whatman 50) and dried naturally at room 
conditions. Samples were examined under the electron microscope (1200 EX II, JEOL 
Inc., Japan) at 80 kV and the micrographs were obtained by using a digital camera (Orius 
832J06W1, GATAN, USA). 
3.2.2.2.6 Statistical analyses 
Solid lipid nanoparticles and nanostructured lipid carriers produced using 
different lipids proportions, incorporation of β-carotene and all analytical determinations 
were performed in triplicate (n=3). Results were submitted to variance analysis 
(ANOVA) and Tukey's test was used to evaluate significant differences between the mean 
values (p <0.05). 
3.3 Results and Discussion 
3.3.1 Size distribution and polydispersity index 
Formation of SLN and NLC by solvent injection method is based on the lipid 
aggregation after the solvent diffusion to aqueous phase. Ethanol was found to be 
effective to produce small particles and can be used in food-grade applications. 
Nanoparticles with monomodal size distribution were produced for all lipid blends used. 
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TEM pictures showed dense SLN with irregular shape (Fig. 3.1a), while the NLC with 
30% HOSO revealed spherical shape and a less dense dark color (Fig. 3.1b). Modal 
diameter of loaded and unloaded β-carotene nanoparticles is presented in Fig. 3.2a, 
showing that the nanoparticles average size was close to 500 nm. Particles with similar 
size were obtained using the solvent injection method (Uprit, Kumar Sahu, Roy, & Pare, 
2013), despite of smaller particles can be obtained using high energy processes, as 
ultrasound (Esposito et al., 2012; Ali, El-Sayed, Sylvester, & Nazzal, 2010) or high 
pressure homogenization (Gomes, Simplício, Souto, Cardoso, & Pinho, 2013). In solvent 
injection technique, the solvent diffusion from the inner of the formed droplets towards 
the continuous phase leads to a reduction of the droplet size and simultaneously to an 
increase of the lipid concentration. The formation of supersaturated regions inside the 
droplets caused local instability, leading to lipid precipitation and forming nanoparticles. 
The energy required for this process is provided by the free energy which is released as 
the solvent is redistributed towards an equilibrium state (Schubert & Müller-Goymann, 
2003). Because of that, we might attribute the large nanoparticles size to the poor control 
of solvent diffusion to aqueous phase.  
(a) 
 
(b) 
 
Figure 3.1 Representative electron micrographs of SLNs (a) and 30% (w/w) HOSO NLCs (b). 
Different lipid composition and β-carotene addition did not alter the 
nanoparticles size. Tristearin and HOSO present similar carbon chain length, but the 
unsaturation on oleic acid chain of HOSO leads to different structural properties. When 
mixed, HOSO molecules could disrupt the packing of tristearin crystals, leading to a 
number of imperfections in the lipid matrix, making easier drug accommodation, without 
size change (Radtke & Müller, 2001). 
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Fig. 3.2b shows that all systems generated particles with elevated 
polydispersity (PdI > 0.3), associated to the poor control of solvent diffusion inside the 
reactor as mentioned above, which caused the formation of big aggregates of lipids. The 
solvent displacement technique usually produces particles with high polydispersity index 
when compared to high energy processes (PdI < 0.3 for ultrasound and high pressure 
homogenization techniques (Silva et al., 2011)), since the shearing forces contribute to 
reducing the particles size. For 30% HOSO content, the presence of β-carotene resulted 
in more homogeneous particles when compared to the unloaded particles. 
(a) 
 
(b) 
 
Figure 3.2 Modal diameter (a) and polydispersity index (PdI) (b) of nanoparticles produced with the 
different lipid blends. Black columns represent the β-carotene-loaded particles. Gray columns 
represent β-carotene-free particles. Identical lowercase letters indicate no significant differences 
between loaded and unloaded particles at the same HOSO content (p < 0.05). Identical uppercase 
letters indicate no significant differences between samples with different HOSO content for each 
specific condition of β-carotene loaded or free particles. (p < 0.05). 
3.3.2 Differential scanning calorimetry 
Fig. 3.3 shows the DSC curves of tristearin SLN and tristearin/HOSO NLC 
dispersions, providing useful information on lipids interactions. SLN dispersions showed 
a small shoulder before the main peak during melting, while the curves of NLC containing 
HOSO exhibited one single peak (Fig. 3.3a). These results suggest that the interactions 
between the lipids molecules at different proportions produced different structures. 
Melting temperature (Tm) and enthalpy (ΔHm) of NLC decreased significantly with the 
increment of HOSO content (Table 3.1), indicating a crystal ordering disturbance (lattice 
defects) (Hu et al., 2005). In addition, the melting temperature of the nanoparticles was 
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lower than the bulk solid lipid (pure tristearin), which is around 72 °C. This is mainly 
attributed to the nanocrystalline size of the lipids in the nanoparticles, their high specific 
surface area and the presence of surfactant (Westesen & Bunjes, 1995; Bunjes,Westesen, 
& Koch, 1996). Moreover, the melting peak became broader as the HOSO content 
increased, which is usually correlated with the presence of impurities or a less ordered 
crystal structure (Jenning, Schäfer-Korting, & Gohla, 2000). 
(a) 
 
(c) 
 
 
(b) 
 
 
(d) 
 
Figure 3.3 Differential scanning calorimetry of β-carotene-free (a, b) and loaded (c, d) lipid 
nanoparticles dispersions, with (a, c) heating and (b, d) cooling ramps. Solid line represents 0% (w/w) 
HOSO content nanoparticles; dotted line represents 10% (w/w) HOSO content; dashed line 
represents 20% (w/w) HOSO content; dashed double dotted line represents 30% (w/w) HOSO 
content. 
The crystallinity index (C.I.) takes into account the ratio between the melting 
enthalpy of the dispersions and the bulk pure lipid, which was assumed to be 48.5 
kcal/mol for tristearin (Domalski & Hearing, 1996). C.I. is commonly used to compare 
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the structure organization of the lipids in the nanoparticles (Freitas & Müller, 1999) and 
to presume the percentage of the lipid matrix that has recrystallized (Khurana, Bedi, & 
Jain, 2012). Therefore, it is clear that the degree of crystallinity of the NLC decreased 
with the increase of HOSO content, especially for 20 and 30% (w/w) of HOSO content 
(Table 3.1), confirming that the presence of sunflower oil formed less-ordered structures 
in NLC matrices. Therefore, we may conclude that NLC of imperfect type structure were 
produced by mixing tristearin and high oleic sunflower oil using the solvent displacement 
technique. Cooling sweeps showed one major peak and a smaller one for all nanoparticle 
dispersions, indicating two different polymorphic structures (Fig. 3.3b). Occurrence of 
multiple crystalline forms in solid lipids is particularly useful for SLN and NLC since 
they provide the desired structural defects. However, this kind of structures is less 
thermodynamically stable than the perfect crystalline lattice (Shah, Eldridge, Palombo, & 
Harding, 2015). 
The presence of β-carotene caused little changes in nanoparticle dispersions 
thermograms (Fig. 3.3c, d). SLN and NLC dispersions showed similar melting and 
crystallization temperatures, but with a small reduction in melting enthalpy. In 
consequence, we observed a reduction in C.I. for β-carotene incorporated nanoparticles. 
Regarding cooling enthalpies, β-carotene caused a reduction and a small increase in first 
and in second polymorphic modifications, respectively. This indicates that β-carotene 
changed the lipids organization inside the nanoparticles, decreasing spaces and 
imperfections on the lipid crystal structure for SLN or being solubilized in liquid lipids 
for NLC. 
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Table 3.1 Melting and cooling temperature and enthalpy of free- and loaded- (bold highlighted) β-carotene SLN and NLC dispersions. Identical lowercase letters 
indicate no significant differences between samples with different HOSO content (p<0.05). Identical uppercase letters indicate no significant differences between 
samples with and without β-carotene in a same HOSO content (p<0.05). 
HOSO 
conten
t (%) 
Tm 
(°C) 
ΔHm (kcal/mol) Tc1 (°C) ΔHc1 (kcal/mol) 
Tc2 
(°C) 
ΔHc2 
(kcal/mol) 
C.I. 
(%) 
0 
54.63 ± 
0.10aA 
54.62 ± 
0.25aA 
22.7 ± 
0.7aA 
20.67 ± 
0.75aB 
25.62 ± 
0.06aA 
25.10 ± 
0.15aA 
-16.4 ± 
0.2aA 
-13.14 ± 
1.18bB 
22.22 ± 
0.05aA 
21.73 ± 
0.14aB 
-3.1 ± 
0.2cB 
-4.01 ± 
0.99dA 
46.8 42.6 
10 
54.74 
±0.05aA 
54.61 ± 
0.28aA 
22.0 ± 
0.2aA 
18.91 ± 
0.60bB 
24.12 ± 
0.05bA 
23.95 ± 
0.08aA 
-16.0 ± 
0.1aA 
-14.5 ± 
0.01aB 
20.16 ± 
0.02bA 
20.05 ± 
0.04aA 
-5.2 ± 
0.3abA 
-5.78 ± 
0.44abA 
46.8 38.9 
20 
54.08 
±0.05bA 
52.72 ± 
0.01bB 
16.6 ± 
0.2bA 
10.91 ± 
0.18cB 
22.51 ± 
0.05cA 
22.12 ± 
0.01cA 
-11.8 ± 
0.2bA 
-10.41 ± 
0.30cB 
18.55 ± 
0.01cA 
18.25 ± 
0.01aA 
-5.0 ± 
0.2abA 
-5.31 ± 
0.34abA 
34.2 22.5 
30 
52.56 
±0.10cA 
52.76 ± 
0.34bA 
13.7 ± 
0.7cA 
10.54 ± 
1.53cB 
20.30 ± 
0.07dA 
20.11 ± 
0.01aA 
-9.8 ± 
0.1cA 
-8.79 ± 
0.26dB 
16.39 ± 
0.04d 
16.10 ± 
0.03Aa 
-4.3 ± 
0.5bA 
-4.43 ± 
0.48cA 
28.2 21.7 
53 
 
3.3.3 β-Carotene incorporation and colorimetric evaluation 
Fig. 3.4a shows that β-carotene concentration was similar for SLN and all NLC 
dispersions at the same day of storage. Process efficiency of β-carotene incorporation in SLN 
dispersions with different HOSO content were not significantly different (Fig. 3.4b). A strong 
initial drop in β-carotene concentration was observed after one week of storage, which can be 
attributed to the period of exposure to high temperature during nanoparticles production. 
Previous studies have also found a relatively rapid loss of β-carotene in nanoemulsions stored 
at elevated temperatures (Mao et al., 2009; Mao, Yang, Xu, Yuan, & Gao, 2010; Ribeiro, Chu, 
Ichikawa, & Nakajima, 2008; Qian, Decker, Xiao, & McClements, 2012). Furthermore, some 
volatile compounds were identified as degradation products of β-carotene produced after heat 
treatment, which were present in more quantity for higher temperatures (Kanasawud & Crouzet, 
1990). We observed a slight tendency of an increase in β-carotene concentration in systems 
with higher HOSO content, which was expected since the majority of hydrophobic bioactives 
show higher solubility in liquid lipids rather than solid lipids (Tamjidi et al., 2013). Helgason 
et al. (2009) showed that SLN produced only with pure tripalmitin did not provide a good 
protection for β-carotene. In fact, the presence of liquid lipids in the nanostructure enhances the 
encapsulation load of bioactive ingredient and expulsion phenomenon during storage is 
hindered by preventing the formation of perfect crystals (Chen, Tsai, Huang, & Fang, 2010; 
Müller et al., 2002a; Müller, Radtke, & Wissing, 2002b). Despite the low protection against 
degradation, the incorporation of β-carotene in SLN and NLC still has some advantages. When 
inside the nanoparticles, β-carotene solubility in aqueous products can be improved. Also, it is 
known that this bioactive in crystalline form has very low bioavailability (Ribeiro & Cruz, 
2005). Because of that, we think that these carriers systems can be used as a vehicle for β-
carotene into water based products in order to increase its bioavailability inside human 
organism. For future works, other bioactives compounds can be added to the systems together 
the β-carotene for its protection against oxidation, as the NLC formulations developed by 
Hentschel, Gramdorf, Müller, and Kurz (2008). 
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(a) 
 
(b) 
 
Figure 3.4 (a) β-carotene concentration in SLNs and NLCs dispersions during storage. Black, light gray and 
dark gray columns represents 1, 7 and 14 days of storage, respectively. (b) Process efficiency for β-carotene 
incorporation of SLN and NLC dispersions. Control sample represents β-carotene dispersion in Tween 80 
solution at the same concentration of systems with lipids. Identical lowercase letters indicate that there are 
no significant differences between storage time at the same HOSO content (p < 0.05). Identical uppercase 
letters indicate that there are no significant differences between nanoparticles dispersions with different 
HOSO content for each specific storage time point (p < 0.05). 
We were not able to determine separately the incorporated and free β-carotene 
molecules in the medium since nanoparticles precipitated together with free β-carotene crystals. 
Because of that, we also used color determination as an indirect measurement of free β-carotene 
in NLC dispersions since we assumed that loaded β-carotene molecules did not change 
dispersions color. Fig. 3.5 shows the visual color changes of the SLN and NLC dispersions 
during the storage time. More expressive orange color degradation was observed for dispersions 
with high HOSO content. 
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(a) 
 
(b) 
 
(c) 
 
Figure 3.5 Color changes of the nanoparticle dispersions. Numbers on tubes means the HOSO content (% 
w/w) of the nanoparticles. Letter C represents β-carotene dispersion in Tween 80 solution at the same 
concentration of systems with lipids. (a) 1 day of storage; (b) 7 days of storage; (c) 14 days of storage. 
Fig. 3.6 shows the change in the colorimetric parameters during dispersions storage. 
The lightness parameter (L*) increased with the storage time for all systems, endorsing the β-
carotene degradation reported above. In addition, this color parameter was higher for 
dispersions with higher HOSO content, especially at the lowest storage time (Fig. 3.6a). This 
result may indicate that more β-carotene was incorporated inside the NLC compared to SLN, 
with less free molecules of carotene dispersed in the medium. In fact, b* values were lower for 
the higher HOSO content dispersions, indicating less yellowness of samples, and therefore, less 
free β-carotene in the medium (Fig. 3.6b). The fast drop in b* during storage may indicate a 
small quantity of free β-carotene in the dispersions. Color change (ΔE* parameter) calculated 
after one day of storage decreased with HOSO content increasing, compared to the control 
sample (Fig. 3.6c). After 7 and 14 days of storage, the same behavior was observed for all 
nanoparticle dispersions (Fig. 3.6d). These results are in agreement with Gomes et al. (2013), 
although their systems showed to be much more stable regarding β-carotene degradation, 
probably due to the method of particles production (high pressure homogenization). 
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(a) 
 
(c) 
 
(b) 
 
(d) 
 
Figure 3.6 a) L* and b) b* colorimetric parameters of β-carotene loaded SLNs and NLCs dispersions. Black, 
light gray and dark gray columns represents 1, 7 and 14 days of storage, respectively. c) ΔE* color 
parameter for the different SLN and NLCs after one day of storage in relation to the control sample. d) ΔE* 
color parameter for the different SLNs and NLCs after seven and 14 days of storage time in relation to 
samples of 1 day storage time. Control sample represents β-carotene dispersion in Tween 80 solution at the 
same concentration of systems with lipids. Identical lowercase letters indicate that there are no significant 
differences between storage time at the same HOSO content (p < 0.05). Identical uppercase letters indicate 
that there are no significant differences between dispersions with different HOSO content for each specific 
storage time point (p < 0.05). 
3.4 Conclusions 
Tristearin solid lipid nanoparticle and tristearin/HOSO nanostructured lipid carriers 
showed suitable particle size in nanometric range, but with high polydispersity index. The 
presence of HOSO in NLCs generated a less-organized crystalline structure, which contributed 
to enhance incorporation and protection against degradation of β-carotene. The bioactive 
entrapment process efficiency of the NLCs increased with increasing the content of liquid lipid 
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(HOSO). Although the burst release of β-carotene between one and seven days of storage, our 
results indicated that NLC obtained by a simple and easy method as solvent injection using 
GRAS ingredients could potentially be exploited as a carrier for the encapsulation of lipophilic 
nutrients in aqueous systems aiming food applications. 
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• Dissociated sodium caseinate and lactoferrin improved β-carotene protection. 
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Abstract 
Tristearin solid lipid nanoparticles were produced by the solvent displacement technique using 
native and dissociated sodium caseinate or lactoferrin as natural surfactants in different 
concentrations. All particles showed nanometric size and monomodal distribution, but the 
dissociated sodium caseinate were able to produce particles with a slight smaller size and 
polydispersity. DSC analysis showed that nanoparticles stabilized with proteins might present 
multiple crystalline form, which could be very attractive for hydrophobic bioactive 
incorporation. In fact, β-carotene loaded nanoparticles stabilized with dissociated sodium 
caseinate and lactoferrin showed a better protection against bioactive degradation, which was 
associated to the more efficient coverage of lipid surface, since protein molecules were 
previously unfolded. Protein covered SLN are a novelty among nanocarrier systems and exhibit 
some advantages such as reduced particle size, elevated surface charge, good protection for 
hydrophobic compounds and the use of natural emulsifier, which makes this a potential and 
versatile delivery system for food and pharmaceutical applications. 
Keywords: solid lipid nanoparticle; sodium caseinate; lactoferrin; β-carotene; solvent 
displacement. 
4.1 Introduction 
Solid lipid nanoparticles had arisen as an alternative to polymeric nanoparticles. 
The innumerous problems involving polymer usage, as cytotoxicity and lack of adequate large-
scale production methods for example, led to various research groups to focus in the 
replacement of the polymer for more safe molecules, like lipids (Müller, Mäder & Gohla. 2000). 
Several researches in the beginning of the nineties aimed the obtainment and 
characterization of nanoparticles with solid lipids as a matrix material for drugs encapsulation 
(Gasco, 1993; Siekmann & Westesen, 1992; Müller et al., 1995; Müller & Runge, 1998; Cavalli 
et al., 1997; Heiati, Tawashi & Phillips, 1998). Until today, solid lipid nanoparticles attract a 
great attention for incorporation and controlled delivery of hydrophobic compounds, since this 
kind of particle is capable of combining the advantages and avoid disadvantages of others 
colloidal carriers, such as high drug payload, increased drug stability, no biotoxicity and 
feasibility of large scale production (Mehnert & Mäder, 2001). 
Ingredients to produce solid lipid nanoparticles include a solid lipid, surfactant, 
water and organic solvent. Almost all types of surfactants have been used for the production of 
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solid lipid nanoparticles. Natural surfactants as soybean and egg lecithins (Shi et al., 2012; 
Westesen & Siekmann, 1997), polysorbates (Upadhyay, Patel, Patel & Saluja, 2012; Mohtar, 
Khan & Darwis, 2015) and even bile salts (Bocca et al., 1998; Cavalli, Bocca, Miglietta, Caputo 
& Gasco, 1999) are reported as efficient molecules to stabilize SLNs. 
Proteins are commonly used as emulsifiers due to their amphiphilic nature, reducing 
interfacial tension between oil and water in emulsions, in addition to provide electrostatic and 
steric repulsion between droplets and particles (Lam & Nickerson, 2013; Wilde Mackie, 
Husband, Gunning & Morris, 2004). Caseins are the major milk protein fraction, and these 
proteins in aqueous solutions at neutral pH are present as small aggregates attached to calcium 
salts called casein micelles. Sodium caseinate is the most used casein form in food industry 
with high emulsifying capacity, which is produced by the replacement of calcium by sodium 
ions (Dickinson, 2006). In contrast to conventional surfactant/emulsifier systems, casein 
micelles are heterogeneous and composed of four different proteins, which are α(s1)- and α(s2)-
caseins, β-casein, and κ-casein (Walstra & Jenness, 1984). These proteins are composed by 
hydrophobic and hydrophilic amino acids making caseins an excellent vehicle for encapsulation 
of active compounds (Luo, Pan & Zhong, 2014). Furthermore, physicochemical modifications 
in casein micelles have been utilized to dissociate and reassemble caseins. The dissociation and 
re-association of casein micelles have been used to obtain structures with similar size of native 
casein, but with an elevated capacity of hydrophobic compounds encapsulation (Semo, 
Kesselman, Danino & Livney, 2007; Haham et al., 2012; Pan, Zhong & Baek, 2013; Pan, Luo, 
Gan, Baek & Zhong, 2014b). Regarding nanosystems, sodium caseinate has been shown to be 
efficient in lipid nanoparticles production and stabilization (Xue et al., 2017; Wang et al., 
2016a, 2016b; Yi et al., 2014; Cornacchia & Ross, 2011a). 
Lactoferrin is a minor iron-binding milk protein with numerous physiological roles, 
showing for example antimicrobial, antifungal, anticancer and anti-inflammatory properties 
(Kumari & Kondapi, 2017). Some authors (Furtado, Mantovani, Consoli, Hubinger & Cunha, 
2017; Sarkar, Goh & Singh, 2009; Sarkar, Horne & Singh, 2010) have reported good emulsifier 
properties to this protein, but its globular structure can also form nanoparticles by controlled 
thermal denaturation (Bengoechea, Peinado & McClements, 2011; Zhang et al., 2013; Pandey 
et al., 2017). 
The objective of this research was to evaluate viability of application of sodium 
caseinate and lactoferrin as surfactant agents in the production of solid lipid nanoparticles. 
Structural and physical properties of the covered nanoparticles were measured in terms of 
hydrodynamic diameter, surface charge, microscopy and differential scanning calorimetry. 
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Furthermore, we investigated the efficiency and stability of β-carotene as a model hydrophobic 
bioactive incorporation in solid lipid nanoparticles. 
4.2 Material and methods 
4.2.1 Material 
Technical grade glyceryl tristearate (Sigma Aldrich, USA) were used to produce the lipid 
nanoparticles. Sodium Caseinate (Alibra, Brazil) and Lactoferrin (Synlait, New Zealand) were 
used as surfactants to promote nanoparticles stabilization. Absolute ethanol (HPLC degree) 
(Panreac, Spain) was used to solubilize the lipids before nanoparticles production. Synthetic β-
carotene (>93% purity) (Sigma Aldrich, USA) was used as encapsulated compound. All other 
reagents were analytical grade. 
4.2.2 Methods 
4.2.2.1 Nanoparticle production 
Solid lipid nanoparticles suspensions were obtained by the solvent displacement 
technique (Schubert & Müller-Goymann, 2002), with modifications proposed by Oliveira, 
Michelon, Furtado, Sinigaglia-Coimbra & Cunha (2016). 50 mg of Tristearin were firstly 
solubilized in 10 ml of absolute ethanol and heated up to 80 °C to form the organic phase. 
Meanwhile, aqueous phases were prepared using sodium caseinate or lactoferrin in different 
concentrations (0.05, 0.1 and 0.3% w/w). Proteins were hydrated in deionized water overnight 
at room temperature (21 °C) and pH was adjusted to 7 using NaOH or HCl 1 M. In a jacketed 
stirred vessel, the aqueous phase was also heated at 80 °C and, in sequence, the organic phase 
was dripped at a constant flow rate of 5.0 ml/min using a peristaltic pump (Masterflex, Cole-
Parmer Instument Co., USA). The system was kept under constant stirring at 500 rpm for 5 
minutes to promote the complete solvent diffusion and the coating of nanoparticles by the 
protein molecules. Finally, the dispersions were rapidly cooled using ice bath and stored under 
refrigerating conditions (8 °C) protected from light during 28 days. All characterization 
analyses were performed after 24 h of storage. The control samples were prepared in the 
absence of lipids in the organic phase. 
In addition, when sodium caseinate was used, a dissociation protocol of the casein 
submicelles was performed as described by Pan et al. (2014b). The pH of sodium caseinate 
solution was adjusted to 12 and this solution was maintained under stirring for 30 minutes. This 
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solution was then submitted to the nanoparticles production method described above, and after 
finishing the production, the pH of nanoparticle suspensions was again adjusted to 7. With that, 
we expected an opening in the caseinate micellar structure, what would improve the 
nanoparticles coating by these molecules. 
Also, in some of the systems, 5% (w/w) of β-carotene (in relation to total lipid mass) 
was added to the lipid mixture before the solvent addition, resulting in a β-carotene final 
concentration of 25.0 µg/ml. This component was used as a model hydrophobic bioactive 
compound for evaluating incorporation capacity in nanoparticles dispersions. 
4.2.2.2 Nanoparticles characterization 
4.2.2.2.1 Size distribution and zeta potential 
Particles size distribution and zeta potential were determined in Zetasizer Nano-ZS 
(Malvern Instruments, UK) equipment.  Particle size was determined by Dynamic Light 
Scattering, a technique based on the dependence of intensity fluctuations of light scattering as 
a function of time due to the particles Brownian motion. Mean diameter of dispersions were 
evaluated from the scattered light intensity which is proportional to the sixth power of the 
particle diameter. The mode of the intensity peak for the size distribution was considered as the 
mean diameter. For surface electrical charge, the electrophoretic mobility was obtained by 
Laser Doppler Anemometry technique and Smoluchowski mathematical model was used to 
convert the measurements in zeta potential values. 
4.2.2.2.2 Transmission electron and confocal microscopy 
The morphology of protein solutions and nanoparticles suspensions were observed 
using the Transmission Electron Microscopy (TEM) and Confocal Microscopy. For TEM, the 
micrographs were obtained by negative staining method. Nickel grids coated with Formvar® 
resin (vinyl polyacetate) were placed on a 50-μL droplet of the prepared samples. After 5 
minutes, the grids were deposited on drops of uranyl-oxalate solution (pH 7.0) and kept for 5 
min for the negative staining. Afterwards, the grids were washed in water droplets for five times 
and dried naturally at room conditions. Samples were examined under the electron microscope 
(1200 EX II, JEOL Inc., Japan) at 80 kV and the micrographs were obtained by using a digital 
camera (Orius 832J06W1, GATAN, USA). Regarding confocal microscopy, images were 
obtained by dying the lipid phase with Nile Red and the proteins with Rhodamine B before the 
nanoparticles production. The solutions were observed in a Leica TCS SP5 II confocal 
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microscope (Leica Microsystems, Wetzlar, Germany), and images were treated using ImageJ 
software. 
4.2.2.2.3 Differential scanning calorimetry (DSC) 
Thermal properties of the lipid nanoparticles were obtained by differential scanning 
calorimetry (DSC) using a calorimeter MicroCal VP-DSC (MicroCal Inc., USA). 
Approximately 500 μL of the particle dipersions were subjected to a heating sweep from 5 to 
90 °C, with a scanning rate of 1.5 °C/min. The same volume of ultra-pure water was used as 
the reference sample. Melting temperature (Tm) and enthalpy (ΔHm) were obtained from the 
thermograms. Tm was identified from the peaks of the melting events. 
4.2.2.2.4 β-carotene incorporation and stability 
β-carotene was extracted from the aqueous dispersions of lipid nanoparticles by 
liquid–liquid extraction using an ethanol–hexane mixture. Firstly, absolute ethanol (4.0 ml) was 
added to 1.0 ml of the particles dispersion. This mixture was heated to 80 °C during 30 min to 
promote particles destabilization and then, hexane (3.0 ml) was added. After phase separation, 
hexane phase containing the extracted β-carotene was removed and diluted again with hexane 
until a known volume, in order to ensure that the absorbance was within the reading range 
(Hung et al., 2011; Toniazzo et al., 2014). β-carotene content was measured from the 
absorbance of hexane phase at 450 nm in a spectrophotometer SP-220 (Biospectro, Brazil). The 
absorbance reading was related to the β-carotene molar absorption coefficient in hexane, which 
is 2592 M-1.cm−1 (Rodriguez-Amaya, 2001). β-carotene stability along the days of storage was 
estimated as the ratio between the amount of remaining β-carotene-incorporated to the total 
amount of β-carotene added at the beginning of the process. 
4.2.2.2.5 Color 
The degradation of free β-carotene was monitored by colorimetry. The parameters 
of the tristimulus color system (L*a*b*) were obtained using a colorimeter UltraScanVIS 1043 
(HunterLab, Reston, USA). The three coordinates represent the lightness (L* = 0 yields black 
and L* = 100 indicates diffuse white), the position between red/green (a*, negative values 
indicate green while positive values indicate red) and the position between yellow/blue (b*, 
negative values indicate blue and positive values indicate yellow).  
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4.2.2.2.6 Statistical analyses 
The assays for lipid nanoparticles preparation using different sodium caseinate and 
lactoferrin in different concentrations, the β-carotene incorporation and all analytical 
determinations were performed in triplicate (n = 3).  The results obtained were submitted to 
variance analysis (ANOVA) and Tukey's test was applied to evaluate significant differences 
between the mean values (p < 0.05). 
4.3 Results and discussion 
4.3.1 Size distribution and zeta potential 
Sodium caseinate and lactoferrin showed to be effective as surfactants for 
production of tristearin solid lipid nanoparticles. Dispersions with monomodal distribution were 
obtained for both proteins in all concentrations studied (Fig. 4.1). Regarding sodium caseinate 
(S.C.), similar distribution was observed for control samples (without nanoparticles) and SLN 
dispersions. In the absence of lipids, native sodium caseinate might be present in the micellar 
form and probably its molecular conformation did not change after the organic phase injection. 
Also, the broader bands of the distribution curves may represent some protein aggregation, 
which can be confirmed by electronic microscopy (Fig. 4.3a). In fact, low concentrations of 
ethanol (< 30% v/v) have no effect on sodium caseinate micelles dissociation, regardless of 
temperature (Trejo & Harte, 2010).  Surprisingly, the presence of lipids did not alter the particle 
distribution in these dispersions (Fig. 4.1a and 4.1b). Since sodium caseinate micelles were 
present even before the lipids injection, we might have in these systems both populations of 
micelles and lipid nanoparticles with similar sizes. 
On the other hand, narrow distributions were obtained for both control and SLN 
dispersions when dissociated sodium caseinate (diss. S.C.) was used, indicating a lower 
polydispersity index. In that case, when pH increased from 7 to 12, the enhanced intra-particle 
electrostatic repulsion resulted in the micelles dissociation, allowing the free protein fractions 
to cover more easily the nanoparticles surface.  
Regarding the systems with lactoferrin, we observed distinct size distributions for 
the samples with and without tristearin. For the control systems, we observed a narrow peak 
with a peak mode around 150 nanometers. In this case, lactoferrin nanoparticles can be formed 
by the aggregation of their globular molecules. This aggregation and nanoparticle formation 
was also observed by Bengoechea et al. (2011) at the first 5 minutes of heating lactoferrin 
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solutions at 75 °C, forming particles with a hydrodynamic diameter of 110 nm, approximately. 
When tristearin was used to produce the lipid particles with the lactoferrin, a broader size 
distribution was observed, with the peak shifting to higher values. In that case, after the solvent 
diffusion to aqueous phase and the aggregation of lipid molecules, the presence of more reactive 
(unfolded) lactoferrin might favored the lipid nanoparticles coverage, increasing their size. 
(a) 
 
(b) 
 
(c) 
 
Figure 4.1 Particles size distribution for control samples and tristearin nanoparticles dispersions (SLN) 
using native sodium caseinate (a), dissociated sodium caseinate (b) and lactoferrin (c). 
Confocal and TEM microscopy shows that lipids were in fact dispersed as 
nanoparticles in the suspensions. Dyed proteins did not show any fluorescence response when 
submitted to the microscopy analysis, probably due to its low concentration in the medium. 
Only few brightening dots were observed for caseinate solutions (Fig.4.2a and 4.2b), which 
may indicate some protein small aggregates. It was not observed for lactoferrin, indicating the 
absence of aggregates confirmed by TEM images (Fig. 4.3c). Also, no differences were 
observed for the nanoparticles dispersions when sodium caseinate (native and dissociated) or 
lactoferrin was used (Fig. 4.2). 
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(a) 
 
 (b) 
 
(c) 
 
(d) 
 
(e) 
 
(f)
 
Figure 4.2 Confocal microscopies of sodium caseinate 0.1% (a), dissociated sodium caseinate 0.1% (b), 
lactoferrin 0.1% (c) control samples, and solid lipid nanoparticles of tristearin stabilized by sodium 
caseinate 0.1% (d), dissociated sodium caseinate 0.1% (e) and lactoferrin 0.1% (f). 
Figure 4.3 shows TEM micrography of protein solutions and SLN dispersions. Big 
aggregates of native sodium caseinate were observed, while smaller aggregates can be seen 
after dissociation and re-association of sodium caseinate. Native sodium caseinate showed 
irregular and heterogeneous structures that became smaller after dissociation treatment, in 
agreement with particle size distribution. Similar results were also observed by Pan et al. 
(2014b). Lactoferrin solution (Fig. 4.3c) showed the presence of spherical lactoferrin 
nanoparticles in the medium. In the presence of lipid, all systems showed the presence of solid 
nanoparticles with similar size to the distribution shown in Figure 4.1. 
Table 4.1 shows the mean diameter of tristearin SLN dispersions using S.C., diss 
S.C. and L.F. as surfactants. Increase of protein concentration tended to decrease nanoparticles 
size using S.C., indicating the formation of a more homogeneous structure of S.C. in the 
presence of lipids and that, in all conditions, there was sufficient protein to guarantee the 
particles stabilization. However, SLN stabilized by lactoferrin tended to form bigger particles. 
Differences between the presence of S.C. or L.F .could be explained by the initial structure of 
these proteins (Figure 4.3 a-c). These results are confirmed by the increase of mean values of 
the control particles increasing proteins concentration (Table 4.1). All evaluated systems 
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showed a maximum particle mean size of 365 nanometers, which is considerably smaller 
comparing with our previous work when tristearin nanoparticles were obtained with Tween 80 
as surfactant using same operational conditions and lipid/surfactant concentration ratio. In the 
latter, SLN showed a mean size of approximately 500 nm (Oliveira et al., 2016). This might 
have occurred since proteins were charged in the experimental operating conditions (S.C. 
negatively and L.F. positively charged). The presence of charged molecules might ensure that 
nanoparticles will show an elevated superficial charge, creating a strong electrostatic barrier 
against nanoparticles aggregation and, in consequence, a reduced chance of destabilization of 
the systems. 
(a)
 
(b)
 
(c) 
 
(d) 
 
(e) 
 
(f)
 
Figure 4.3 TEM micrographs of sodium caseinate 0.1% (a), dissociated sodium caseinate 0.1% (b), 
lactoferrin 0.1% (c) control samples, and solid lipid nanoparticles of tristearin stabilized by sodium 
caseinate 0.1% (d), dissociated sodium caseinate 0.1% (e) and lactoferrin 0.1% (f). 
All evaluated systems showed a maximum particle mean size of 365 nanometers, 
which is considerably smaller comparing with our previous work when tristearin nanoparticles 
were obtained with Tween 80 as surfactant using same operational conditions and 
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lipid/surfactant concentration ratio. In the latter, SLNs showed a mean size of approximately 
500 nm (Oliveira et al., 2016). This might have occurred since proteins were charged in the 
experimental operating conditions (S.C. negatively and L.F. positively charged). The presence 
of charged molecules might ensure that nanoparticles will show an elevated superficial charge, 
creating a strong electrostatic barrier against nanoparticles aggregation and, in consequence, a 
reduced chance of destabilization of the systems. 
Table 4.1 Mean diameter and polydispersity index for the solid lipid nanoparticles dispersions using S.C., 
diss. S.C. and L.F. Identical lowercase letters indicate no significant differences between samples for the 
same surfactant used in different concentrations. Identical uppercase letters indicate no significant 
differences between samples in the same column (p<0.05). 
Sample Peak mode (nm) PDI 
SLN + 0.05% S.C. 327.0 ± 12.4ªB 0.160 ± 0.014aA 
SLN + 0.10% S.C. 290.6 ± 12.2bC 0.138 ± 0.017abAB 
SLN + 0.30% S.C. 308.9 ± 11.1abC 0.089 ± 0.019bB 
SLN + 0.05% diss. S.C. 285.8 ± 12.4ªC 0.041 ± 0.009aC 
SLN + 0.10% diss. S.C. 241.5 ± 14.2bD 0.048 ± 0.011aC 
SLN + 0.30% diss. S.C. 223.4 ± 11.8bD 0.056 ± 0.014aC 
SLN + 0.05% L.F. 304.3 ± 8.7bC 0.086 ± 0.012bB 
SLN + 0.10% L.F. 307.1 ± 25.7bC 0.143 ± 0.020aA 
SLN + 0.30% L.F. 364.6 ± 17.1ªA 0.152 ± 0.021aA 
In fact, zeta potential measurements showed that systems containing proteins 
presented high surface electrical charge (Fig. 4.4). Comparing S.C. and diss. S.C., a more 
negative zeta potential was observed for the systems containing the alkaline dissociated proteins 
since a lower quantity of less negatively charged κ-casein molecules might be present in casein 
nanoparticles covering the tristearin SLN (Pan, Chen, Davidson & Zhong, 2014a). An increase 
of surface charge was observed with the increase in protein concentration, which was also 
expected due to the presence of more negatively charged molecules in the medium. When in 
presence of lipid nanoparticles, zeta potential increased when compared to control S.C. systems, 
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which can be explained by the hydrophobic interactions between proteins and lipid, resulting 
in higher exposition of sodium caseinate charged groups to external environment.   
For lactoferrin systems, positive zeta potential values were observed with no 
significant changes for different lactoferrin concentration, which was also observed by Zhang 
et al. (2013). The values for control systems were slightly higher than the ones reported by 
Furtado et al. (2017). The heating of lactoferrin solutions during the solvent injection process 
caused the molecules partial unfolding, which might have exposed the charged groups and led 
to the increase in zeta potential. When in presence of lipids, hydrophobic interactions between 
protein and tristearin can lead to charged groups exposition, explaining the increase in positive 
superficial charges in the same way that occurred with sodium caseinate.  
In general, preferred zeta potential values to obtain the particle stability solely by 
electrostatic stabilization are >30 mV or <-30mV (Müller, Jacobs & Kayser, 2001). Since most 
of the nanoparticles dispersions produced with S.C., diss. S.C. and L.F. showed zeta potential 
values within this desired range, we might consider that these are quite stable nanosystems that 
will probably not be subject to aggregation and destabilization. 
 (a)
 
(b) 
 
Figure 4.4 Zeta potential of protein control solutions and SLN dispersions with native (S.C.) or dissociated 
sodium caseinate (diss. S.C.)  (a) and lactoferrin (L.F.) (b) as surfactants in different concentrations. 
Identical lowercase letters indicate no significant differences between the zeta-potential values (p<0.05). 
4.3.2 DSC analysis 
The nanoparticle suspensions showed different behavior under heating conditions 
if sodium caseinate or lactoferrin were used in different concentrations. Table 4.2 shows 
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melting temperature and enthalpy values of SLN dispersions using sodium caseinate and 
lactoferrin as surfactants. Regarding the SLN stabilized by sodium caseinate, two distinct peaks 
were observed for the samples. Control samples of sodium caseinate were quite stable under 
heating conditions and thermograms did not show any thermal event for the solutions in all 
concentrations (data not shown). Therefore, we can assume that both peaks are associated to 
tristearin melting events and might indicate two polymorphic forms (Fig. 4.5a and 4.5b). Bulk 
tristearin usually presents one endothermic peak related to the melting of the stable β-form 
(Matovic & van Miltenburg, 2005). SLN with the stable β-form of tristearin was obtained using 
Tween 80 as surfactant (Oliveira et al., 2016), while Bunjes, Westesen & Koch (1996) produced 
SLNs with multiple crystalline forms (α and β-phases) using tristearin and phospholipid Lipoid 
S100 and sodium glycocholate as surfactants. In most of the cases, SLN suspensions that had 
been prepared using low-melting surfactants (as Tween 80) did not contain any α-subcell 
crystals Instead, they are consisted of the more thermodynamically stable β’ or β-subcell 
crystals. By the other hand, in SLN suspensions produced using high-melting surfactants (as 
Tween 60 and some lecithins, for example) high amounts of α-subcell crystals are usually 
present (Helgason et al., 2009). The presence of these two peaks might be due to hydrophobic 
interactions between proteins and lipid molecules. Furthermore, decreasing sodium caseinate 
concentration led to a decrease in the first peak, associated to the α-form crystalline structure. 
Since less protein is present, less interaction occurs between S.C. and tristearin, leading to a 
preferential formation of the stable β-form. Regarding the dissociated sodium caseinate, the 
decrease in first peak with the decrease of protein concentration was less intense. Even with 
less protein, the dissociated casein showed a more opened structure, favoring interactions with 
lipid molecules. The determination of the crystallinity of SLN is crucial as the lipid matrix as 
well as the incorporated drug (when present) may undergo a polymorphic transition leading to 
a possible undesirable drug expulsion (Souto, Mehnert & Müller, 2006). Lipid crystallinity is 
also strongly correlated with drug incorporation and release rates. In general, the 
thermodynamic stability of lipid nanoparticles and drug incorporation rates decrease in the 
following order: supercooled melt, α-modification, β′-modification, and β-modification (Das & 
Chaudhury, 2011). The presence of multiple crystalline forms in solid lipid nanoparticles is an 
important factor to achieve high levels of stability and bioactive controlled release. 
Regarding lactoferrin, we observed that the unheated system (UH) (lactoferrin 
dispersion that did not pass through the solvent injection process) showed one endothermic 
peak at 58.4 ± 0.2 °C (Fig. 4.5c). This peak is attributed to the denaturation and unfolding of 
one of the two lobes of native lactoferrin molecule, which has been reported by previous authors 
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(Bengoechea et al., 2011; Mata, Sánchez, Headon & Calvo, 1998; Paulsson, Svensson, Kishore 
& Naidu, 1993; Rüegg, Moor & Blanc, 1977). The other lobe denaturation temperature is 
reported to be around 89 °C. For the control solution that passed through the solvent injection 
process, the thermogram did not show any peak in all evaluated temperature range. This result 
suggests that the first lobe of the molecules has been irreversibly denatured from this heat 
treatment. 
(a) 
 
(b) 
 
 (c) 
 
Figure 4.5 Differential scanning calorimetry (heating sweeps) of tristearin solid lipid nanoparticles 
stabilized by native sodium caseinate (a), dissociated sodium caseinate (b) and lactoferrin (c). 
This result is in agreement with Bengoechea et al. (2011) and Paulsson et al. (1993) 
when used pre-heated lactoferrin solution in differential scanning calorimetry analysis. SLNs 
produced at different concentrations of lactoferrin showed the same phenomenon observed with 
sodium caseinate. 
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Table 4.2 Melting temperature and enthalpy values of solid lipid nanoparticles stabilized with sodium 
caseinate, dissociated sodium caseinate and lactoferrin. 
Sample Tm1 (°C) Tm2 (°C) 
ΔHm1 
(kcal/mol) 
ΔHm2 
(kcal/mol) 
SLN + 0.05% S.C. 45.22 ± 0.21 56.81 ± 0.06 5.18 ± 0.71 24.90 ± 3.25 
SLN + 0.10% S.C. 46.07 ± 0.02 57.79 ± 0.21 9.17 ± 0.39 17.15 ± 1.63 
SLN + 0.30% S.C. 45.88 ± 0.00 57.24 ± 0.04 11.35 ± 0.49 13.30 ± 0.85 
SLN + 0.05%  diss. S.C. 45.12 ± 0.16 57.52 ± 0.08 5.46 ± 0.02 23.50 ± 3.25 
SLN + 0.10% diss.  S.C. 45.20 ± 0.02 57.44 ± 0.02 10.27 ± 0.47 25.50 ± 5.52 
SLN + 0.30%  diss. S.C. 45.48 ± 0.04 57.41 ± 0.06 7.76 ± 0.73 23.50 ± 0.71 
SLN + 0.05% L.F. 45.15 ± 0.15 56.98 ± 0.08 3.63 ± 0.54 19.17 ± 0.69 
SLN + 0.10% L.F. 45.44 ± 0.09 57.46 ± 0.12 5.47 ± 0.32 16.31 ± 0.56 
SLN + 0.30% L.F. 45.83 ± 0.03 57.31 ± 0.11 6.09 ± 0.21 14.30 ± 3.74 
4.3.3 Color  
Color parameters L* and b* of nanoparticle dispersions are shown in Figure 4.6. 
Significant differences were not observed between solid lipid nanoparticles stabilized with the 
different proteins. L* parameter of SLNs dispersions was much higher than the control sample 
which is associated to the lipid presence. The b* parameter decreased along 28 days of storage 
for all samples. This parameter, that indicates the yellowness, can be related to the presence of 
β-carotene since no other colored molecule is present, and therefore b* decrease can be an 
indicative of this bioactive degradation. 
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(a)
 
(b) 
 
Figure 4.6 L* and b* parameters for nanoparticles dispersions. Black bars represent native sodium 
caseinate, light gray bars represent lactoferrin and dark gray bars represent dissociated sodium caseinate 
as surfactants. White bars represent control sample (β-carotene injected in ultra-pure water). Identical 
lowercase letters indicate no significant differences between different SLNs samples at a same day of storage 
(p<0.05). Identical uppercase letters indicate no significant differences between days of storage for the same 
SLN sample (p<0.05). 
4.3.4 β-carotene stability 
Figure 4.6 shows the amount of incorporated β-carotene remaining in nanoparticles 
suspensions along 28 days of storage at 8 °C in absence of light. Since all concentrations of 
proteins were enough to produce and stabilize the nanoparticles as seen in size distribution, we 
evaluated the β-carotene incorporation and stability at the lowest concentration of protein 
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(0.05% w/w). After one day of storage, all samples did not show significant differences in the 
quantity of β-carotene incorporated in the dispersions. From the seventh day, differences were 
observed among the different surfactants. β-carotene injected in pure water (control) showed a 
faster degradation, followed by SLN stabilized with native sodium caseinate. After 28 days, 
systems containing lactoferrin and the dissociated/re-associated sodium caseinate showed the 
higher remaining β-carotene concentration (30-35%), while the native caseinate and control 
sample had almost degraded 90% of the initial β-carotene. The heat treatment during 
nanoparticles production may have caused chemical degradation and color fading of β-carotene 
(Patras et al., 2009). One reason for this low protection of the β-carotene during storage could 
be the location of the molecule in the nanostructure. In some cases, the carotenoid might be 
forced to migrate to the particle surface during lipid crystallization, where it is more exposed to 
oxidant agents in the aqueous medium (Helgason et al. 2009). Other explanation could be the 
low surfactant concentration. Cornacchia and Roos, (2011b) developed lipid nanoparticles 
recovered with whey protein isolate, which were able to efficiently protect β-carotene with 
protein concentration of 3%. Although 0.05% of protein were enough to produce and stabilize 
the nanoparticle, it may have left some unprotected regions on particle surface, facilitating the 
action of oxidant agents. Despite this poor protection, these results show the importance of the 
protein structure opening before nanoparticles production and bioactive encapsulation. The 
dissociation of casein micelles and partial denaturation and unfolding of lactoferrin allowed a 
more efficient protection of β-carotene against degradation. Besides, our previous work with β-
carotene incorporation showed the almost total degradation of this compound after only 14 days 
of storage when incorporated to SLN stabilized by Tween 80 (Oliveira et al., 2016) in same 
lipid/surfactant concentration ratio and similar storage conditions. 
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Figure 4.7 Remaining β-carotene incorporated in nanoparticles suspensions along 28 days. Black bars 
represent native sodium caseinate, light gray bars represent lactoferrin, dark gray bars represent 
dissociated sodium caseinate and white bars represent control sample (β-carotene injected in ultra-pure 
water). Identical lowercase letters indicate no significant differences between different SLNs samples at a 
same day of storage (p<0.05). Identical uppercase letters indicate no significant differences between days of 
storage for the same SLN sample (p<0.05). 
4.4 Conclusions 
We were able to produce solid lipid nanoparticles in nanometric range using sodium 
caseinate and lactoferrin as surfactants with a low energy method of production. The presence 
of charged molecules in SNL surface generated particles with lower size when compared to 
nanoparticles stabilized with non-ionic surfactants produced with the same lipid and preparation 
method, even for low protein concentrations. Nanoparticles produced with dissociated sodium 
caseinate showed a slighter small mean diameter and a considerably narrower size distribution 
when compared to native sodium caseinate, indicating low polydispersity. Also, partial 
denaturation of lactoferrin was important to ensure a better protection of β-carotene molecules 
against degradation during storage. Zeta potential values of tristearin nanoparticles dispersions 
produced with sodium caseinate, dissociated sodium caseinate and lactoferrin were in the range 
of electrostatic stabilization between the particles in the medium, which can be related to 
elevated stability. Because of that, the tristearin solid lipid nanoparticles stabilized with 
modified proteins should be exploited as a carrier for the encapsulation of lipophilic nutrients. 
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These results are quite important to the growing worldwide tendency of the usage of natural 
products for food applications, replacing the generally used synthetic and semisynthetic 
components, since consumers are increasingly looking for healthier products. 
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Graphical abstract 
 
Highlights 
• Flow-focusing and co-flowing microfluidic devices produced diluted nanodroplets in 
all operating conditions; 
• Nanodroplets average size were inversely proportional to flow rate ratios between 
organic and aqueous phase; 
• Co-flowing glass devices were more susceptible to convective mixing due to its 
hydrodynamics and geometry; 
• In flow-focusing PDMS microchannels, process was driven predominantly by solvent 
diffusion through fluids interface 
90 
 
Abstract 
Oil-in-water nanoemulsions were obtained using high oleic sunflower oil and two different 
microfluidic platforms. Flow-focusing and co-flowing microfluidic devices were able to 
produce droplets in nanometric range but different mean size were obtained by changing the 
devices operating conditions (fluids flow rates). The increase in the ratio between organic and 
aqueous phase flow rates from 0.11 to 0.67 resulted in an increase in nanodroplets mean 
diameter from 73 to 701 nm for flow-focusing and from 220 to 859 nm for co-flowing devices. 
For a fixed flow rate ratio of 0.11, we observed that the total volumetric flow rate did not affect 
droplets size, showing that the process is independent of shearing conditions on fluids interface. 
Both microfluidic platforms were affected in the same way by changes in operating conditions, 
but for a fixed one, the co-flowing device showed particles with a higher mean diameter. We 
attributed this phenomenon to the different dimensions and geometries of microchannels, since 
in co-flowing it could be present convective mixing with higher contribution for nanodroplets 
production. On the other hand, for flow-focusing devices, the process was predominantly driven 
by diffusive mixing. Despite the differences, especially in fluid flow dynamics, both 
microfluidic devices have shown to be suitable and emerging novel technologies for diluted 
nanoemulsion production with tunable size. 
Keywords: nanoemulsion; microchannels; solvent displacement; diffusion; convective mixing. 
5.1 Introduction 
Nanoemulsions (NE) are emulsions with droplets size in nanometric range. They 
are thermodynamically unstable as conventional emulsions, but usually show higher kinetic 
stability since droplets are in colloidal domain, impairing conventional destabilization 
phenomena like creaming, sedimentation and coalescence (Singh et al., 2017).  
The processes of nanoemulsions preparation are usually categorized in high and 
low energy methods, and often a combination of them are used (Mason et al., 2006). High 
energy processes use elevated disruptive mechanical forces to produce such small droplets, 
while none or only few external force is involved in low energy processes. The driving force 
for nanodroplets production using low energy methods comes from the onstored energy of the 
system, which are released by external or internal environmental conditions, like temperature 
or system composition (Setya et al., 2013).  
High energy methods include high pressure homogenization, microfluidization and 
ultrasonication. Their versatility lies in the fact that almost any oil can be subjected to these 
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emulsification methods but among drawbacks are elevated processing cost and generation of 
high operating temperatures, which can compromise the use of thermosensitive compounds. 
Low energy techniques include spontaneous emulsification (Bouchemal et al., 2004), phase 
inversion (Fernandez et al., 2004), catastrophic inversion (Perazzo and Preziosi, 2018) and 
solvent displacement method (Trimaille et al., 2001). 
The solvent displacement method consists in nanoparticles production due to the 
very rapid diffusion of an organic solvent from the oily phase to an aqueous one. It was 
developed to produce different types of nanostructures easily, quickly and without the need of 
sophisticated equipments, like liposomes, polymers and solid lipid nanoparticles (Schubert & 
Müller-Goymann, 2003). However, this method does not confer good control on size 
distribution of the produced nanostructures, since the diffusion process from the solvent to the 
aqueous phase is poorly controlled. Because of that, microfluidics approach has been used to 
overcome this outcoming. 
The production of lipid or polymeric nanoparticles in microfluidic devices is based 
on the same principle of solvent displacement technique. In this technique, the organic phase is 
composed by the lipid solubilized in a water miscible solvent. For flow focusing technique, the 
organic phase flows om the central channel of the microchannel, while two lateral water streams 
containing surfactant meet perpendicularly the central channel (Jahn et al., 2004). For co-
flowing microfluidic devices, organic and aqueous phases flow in same direction in external 
and internal concentric capillaries, respectively, until the steams meeting (Phapal & Sunthar, 
2013).  In this region, due to the laminar flow characteristic regime, the solvent diffusion to the 
aqueous phase predominates. During the process, due to the local supersaturation of lipids, the 
nanostructures are formed by their aggregation and precipitation. 
The production of nanoparticles in microfluidic devices is still an ongoing 
challenge. A number of studies have been carried out in this subject, with the great majority of 
them focused on the production of liposomal vesicles (Jahn et al., 2007, Jahn et al., 2010, 
Balbino et al. 2013; Huang et al., 2010) and solid lipid nanoparticles (Yun et al., 2009; Zhang 
et al., 2008ab). Considering that, microfluidic-based techniques have shown to be excellent 
methodologies to produce liposomes and polymeric or lipid nanoparticles. However, to our 
knowledge, publications on the formation of nanoemulsions have not been reported yet. Due to 
similarities in the obtaining methods of theses nanostructures, we expected that this method 
should be suitable for the production of nanodroplets using liquid oil in the organic phase. So, 
in this work we aimed the production of high oleic sunflower oil nanoemulsions using both 
flow-focusing and co-flowing techniques at different operating conditions, in order to observe 
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possible differences in obtaining nanoemulsions in two microchannels with different fluid 
dynamics. 
5.2 Material and Methods 
5.2.1 Material 
5.2.1.1 Nanoemulsions 
Nanoemulsions were produced using high oleic sunflower oil (HOSO) (Cargill, 
Brazil) and HPLC degree ethanol (Panreac, Spain) as solvent. Tween 80 (Synth, USA) was 
used as surfactant. 
5.2.1.2 Flow-focusing devices 
The flow-focusing microfluidic devices were made of polydimethylsiloxane 
(PDMS) elastomer, using Sylgard 184 kit (Dow Corning, USA), composed by the silicon base 
and curing agent, in a ratio of 10:1 (w/w). Silicon tubes were used to connect the devices to 
Gastight® syringes (Hamilton, USA). Microscope glass slides (Perfecta, Brazil) were used to 
seal the devices. 
5.2.1.3 Co-flowing devices 
The co-flow microfluidic geometries were obtained using cylindrical (inner and 
outer diameters 0.58 mm and 1 mm, respectively) and square (inner dimension 1.05 mm) glass 
capillaries acquired from World Precision Instruments, Inc. (Sarasota, FL, USA) and Atlantic 
International Technology Inc. (Rockaway, NJ, USA), respectively. Besides, polyethylene 
tubing of inner diameter 0.86 mm (Scientific Commodities, Inc.; Lake Havasu City, AZ, USA), 
syringe needles Type 304 (McMaster-Carr, Atlanta, GA, USA) and 5-minute Epoxy® (Devcon 
Corp., Danvers, MA, USA) were also used. Glass capillaries were treated using Glass Shield 
(Auto Shine®, Santo André, SP, Brazil) to make their surface hydrophobic. 
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5.2.2 Methods 
5.2.2.1 Microfluidic devices production 
5.2.2.1.1 Flow-focusing devices 
The flow-focusing PDMS devices were produced by soft lithography technique 
(Mc. Donald et al. 2000). The channels were 50 μm high and 100 μm wide. A photomask with 
a high resolution printed image of the channel was used to produce the positive relief mold of 
photoresist. The molds were prepared in a silicon wafer spin-coated with an SU-8 photoresist 
under controlled time and velocity to maintain channel height at 50 μm. The channel design 
was transferred to the mold by photolithography using a mask aligner MJB-3 UV300 (KarlSuss, 
Garching, Germany). The devices were then produced by casting the PDMS over the mold and 
heating until polymer cure. Devices were irreversibly sealed with glass slide using oxygen 
plasma (PLAB SE80, Plasma Technology, Wrington, England). Figure 5.1b shows the PDMS 
device ready for use. 
5.2.2.1.2 Co-flowing devices 
The co-flowing glass capillary devices were built on a glass slide and consisted of 
two glass cylindrical capillaries inserted into the opposite ends of a square capillary, according 
to reported by Utada et al. (2005). Briefly, the cylindrical glass capillaries were tapered to an 
inner diameter of approximately 20 μm with a micropipette puller (model P-97, Sutter 
Instrument, Co.; San Francisco, CA, USA), and then the tips were carefully sanded to final 
inner diameters approximately of 100 and 580 μm. The hydrophobic recovery of capillaries 
internal surface was performed over 60 min before capillaries assembly. The device was 
assembled onto a glass microscope slide, setting the square capillary on the slide with 5-minute 
Epoxy®. After, the cylindrical tubes were inserted into the square tubing at both ends. This 
enabled the alignment of the axes of the injection and collection capillaries, maintaining a 
separation distance between them of approximately 150 μm. Finally, dispensing needles were 
placed at the joints between capillaries or their ends and fixed them to the slide with 5-minute 
Epoxy®. Figure 5.1e shows the glass microfluidic assembly. 
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Flow-focusing PDMS device Co-flowing glass device 
(a) 
 
(d) 
 
 
(b) 
 
(e) 
 
(c) 
 
(f) 
 
Figure 5.1. Schematic representation and real images of PDMS (a, b) and glass capillaries (c, d) microfluidic 
devices. Cross-sectional schematic view of (e) PDMS flow focusing and (f) co-flowing glass assembly devices. 
5.2.2.2 Nanoemulsion production 
Nanoemulsions (NE) were produced in both PDMS and glass microfluidic devices. 
An organic phase containing 0.5% (w/w) of high oleic sunflower oil diluted in ethanol was 
used. The aqueous phase was formed by 0.3% (w/w) of Tween 80 diluted in ultrapure water. 
The microfluidic devices were connected to two syringe pumps (PHD22/2000, Harvard 
Apparatus, USA) to feed the aqueous and organic phases. For PDMS devices, aqueous phase 
was injected in both channel side inlets, while the organic phase was injected through the central 
channel (Fig. 5.1a). For glass microfluidic assembly, aqueous phase was injected through the 
external capillary while the organic phase was passed through the internal one (Fig. 5.1d). 
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The experimental conditions were defined according to the Table 5.1, which shows 
the flow rate of aqueous (Qa) and organic (Qo), as well as the ratio between them (FRR) (Eq. 
1).  The effect of flow rate ratio and fluid total flow rates (for the same FRR) were evaluated on 
nanoparticle size distribution produced from PDMS and glass microfluidic devices. 
𝐹𝑅𝑅 =
𝑄𝑜
𝑄𝑎
                   (1) 
The microfluidic devices operation was observed through an optical microscope 
Multizoom AZ100 (Nikon, Japan), and the images were recorded by a DS-Ri1 camera (Nikon, 
Japan). 
Table 5.1 Experimental operating conditions used to produce nanoemulsions in PDMS and glass 
microfluidic devices. 
FRR 𝑄𝑜 (µL/min) 𝑄𝑎 (µL/min) 
0.01 0.5 49.5 
0.02 1.0 49.0 
0.05 2.5 47.5 
0.11 5.0 45.0 
0.11 7.5 67.5 
0.11 10.0 90.0 
0.11 15.0 135.0 
0.11 20.0 180.0 
0.25 10.0 40.0 
0.67 20.0 30.0 
5.2.2.3 Nanoemulsion characterization 
5.2.2.3.1 Size distribution and polydispersity index (PDI) 
Particles size distribution was determined at 20 °C by Dynamic Light Scattering 
(DLS) using the Zetasizer Nano-ZS (Malvern Instruments, UK). Mean diameter and 
polydispersity index of nanoparticles dispersions were evaluated from the scattered light 
intensity. The mode of the intensity peak for the size distribution was considered as the mean 
diameter. The polydispersity index was calculated from the cumulant analysis of the measured 
DLS intensity autocorrelation function. The polydispersity index varies from 0 to 1, where 
higher values indicate less homogeneous size distributions. 
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5.2.2.3.2 Fluorescence microscopy 
Nanoemulsions were observed on a fluorescence microscopy just after its 
preparation. Small quantities of sample were poured onto microscopes slides, covered with 
glass cover slips and observed using a Carl Zeiss Axio Scope A1 microscope (Zeiss, 
Oberkochen, Germany) with 100x objective lenses and a Nile red fluorescence filter. Sunflower 
oil was stained with Nile red (0.005 wt.%) prior to nanoemulsions production. 
5.3 Results and Discussion 
The nanodroplets were formed by a diffusively driven process inside the 
microchannels. The stream of organic phase in the PDMS flow-focusing channels was 
composed by the high oleic sunflower oil dissolved in ethanol, which was hydrodynamically 
constricted between the two perpendicular aqueous streams containing Tween 80. On the other 
hand, the glass capillary assemble was a co-flowing microchannel device. The lipid-solvent 
phase was injected into the inner capillary, while an aqueous phase with the surfactant was 
injected into the outer capillary at the same time. 
For both devices, the solvent in the organic phase diffuses rapidly into the aqueous 
phase in the two streams junction, resulting in the local supersaturation and aggregation of 
lipids, forming the NE. The lipid solution occupied the central part of the channel, while the 
rest of the channel is fulfilled by the aqueous phase. In this way, the internal fluid does not 
suffer the channel wall effects, unlike the planar devices. In PDMS flow-focusing devices, the 
contact between phases occurs only on the lipid solution jet sides (Fig. 5.1c), while on glass co-
flowing capillary the entire jet is completely involved by the aqueous phase, creating a truly 3D 
coaxial flow (Fig. 5.1f), which could improve mass transfer between fluids (Rhee et al., 2011).  
Spherical nanodroplets were observed at fluorescence microscopy (Figure 5.2). 
Monomodal distributions in nanometric range were obtained in all evaluated operating 
conditions (Figure 5.3). The flow rate ratio directly affected size distribution for PDMS flow-
focusing and glass co-flowing microfluidic devices in the same way. The FRR is reported as 
one of the main parameters that influences on nanostructures size produced by microfluidic 
devices. The increase in the ratio of organic and aqueous phase flow rates (or decrease in  
𝑄𝑎 𝑄𝑜⁄  ratio, as used by some authors) led to the increase of mean sizes of liquid nanodroplets, 
as observed for liposomes (Jahn et al., 2004; Jahn et al., 2007; Jahn et al., 2010; Michelon et 
al., 2017), solid lipid nanoparticles (Zhang et al., 2008ab; Yun et al., 2009) and polymeric 
nanoparticles (Karnik et al., 2008; Lim et al., 2014). In terms of polydispersity, the nanodroplets 
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obtained in PDMS flow-focusing devices were more dependent on FRR since higher flow rate 
ratios resulted in wider peaks. In glass co-flowing devices, this parameter was less affected. 
This may have occurred due to the sensitivity of the devices to variations in fluid velocities. 
Since flow-focusing microchannel was smaller, it was more affected to changes in the phases 
flow rates when compared to the co-flowing device. 
(a)
 
(b)
 
Figure 5.2. Fluorescence microscopy of nanodroplets produced in (a) PDMS flow-focusing and (b) glass 
capillary co-flowing devices. Lipids dyed with Nile red. Scale bars means 100 µm. 
(a)
 
(b)
 
Figure 5.3. Size distribution in terms of intensity of scattered light for (a) PDMS and (b) glass capillary 
microfluidic devices in different flow rate ratios. For FRR=0.11, Qo=5.0 µL/min. 
The flow rate ratio affected the organic phase jetting during the nanodroplets production. 
Also, the jet width influenced directly in the solvent diffusion to the aqueous phase, which 
resulted in the different droplets size distribution. Higher flow rate ratios resulted in wider jets 
(Fig. 5.4), but in PDMS devices this phenomenon was much more intense than in glass 
capillaries assembly, which could be attributed to the differences in hydrodynamics (co-flow 
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vs cross flow) and channel dimensions. This mechanism is similar to the observed for the self-
assembly of liposomes in PDMS flow-focusing devices (Jahn et al., 2007). Considering that the 
oil was homogeneously distributed in the organic phase, when the organic stream firstly 
contacts the aqueous stream, the lipids molecules at interface quickly reached the alcohol 
critical concentration, became insoluble and aggregated in small droplets. The remaining lipids 
in the innermost layers of the alcohol stream possibly aggregated at a lower rate as the ethanol 
diffused through the aqueous phase. For larger the jet widths, more ethanol was present and 
more time was need to complete diffusion. Therefore, a longer time was spent for the lipids to 
aggregate and larger droplets were formed at higher FRR. 
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(a)
 
 
(c) 
 
 
(b) 
 
(d) 
 
(e)
 
(f) 
 
Figure 5.4. Typical jetting behavior of the organic phase in nanodroplets production in microfluidic devices. 
(a) PDMS flow-focusing device, FRR of 0.11; (b) PDMS flow-focusing device, FRR of 0.67; (c) Glass co-
flowing device, FRR of 0.11; (d) Glass co-focusing device, FRR of 0.67; (e) and (f) are fluorescence 
microscopy of flow-focusing and co-flowing geometries, respectively, with a FRR of 0.02. High oleic 
sunflower oil dyed with Nile red. 
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For a same flow rate ratio, we observed that the changes in the total flow rate of both 
phases only affected the peak wideness at size distribution. In general, for both devices, higher 
total flow rates resulted in slightly narrower distribution curves (Figure 5.5). For a fixed FRR 
and different volumetric total flow rates, the dilution between organic and aqueous phase held 
constant, but the shear forces at the interface of the fluids increased with the increment of the 
total flow rate (Jahn et al., 2007).  As the total flow rate was increased, the diluted nanodroplets 
showed similar size (Fig. 5.5b), with a mean diameter around 310 and 480 nm for nanodroplets 
obtained in flow-focusing and co-flowing microfluidic devices, respectively. Therefore, we can 
assume that, for both devices, the shear forces in fluids did not exert significant influence on 
nanodroplets mean size. By the other hand, the increase in total velocity inside the 
microchannels did affect the polydispersity of nanoemulsions. Higher velocities usually 
decrease the mass transfer (diffusion) in the flow transverse direction. Specially for the glass 
co-flowing geometries, we could observe a tendency in PDI decrease with the increase in total 
flow rate. With a slower mass transfer rate, lipid molecules self-assembly occurred more slowly, 
and more homogeneous droplets tended to be formed. For PDMS flow-focusing devices, no 
trend was observed. 
(a)
 
(b)
 
Figure 5.5. Size distribution in terms of intensity of scattered light for (a) flow-focusing and (b) co-flowing 
capillary microfluidic devices in different flow rates but at the same flow rate ratio (FRR=0.11).  
Nanodroplets obtained in PDMS flow-focusing devices showed smaller mean diameters 
compared to the ones obtained in glass co-flowing capillaries assembly (Fig. 5.6a, b). Despite 
of the same operating conditions, the fluids presented different velocity profiles because of the 
otherwise microchannels size and flow geometry. Due to channels size, the fluids in flow-
focusing flowed with a mean velocity 50 times higher to the fluids flowing in co-flowing 
devices with the same total volumetric flow rate (aqueous phase flows from 2.8 to 11.3 mm/s 
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in glass devices and from 150.3 to 601.2 mm/s for PDMS microchannels, for the fixed condition 
of FRR of 0.11). Furthermore, the streams meeting in glass co-flowing capillary devices showed 
a tendency of the organic phase expansion after the injection from the nozzle of the inner 
capillary (Fig. 5.4). This expansion was more evident at higher flow rate ratios. This 
phenomenon was also observed by Othman et al. (2015) by experimental and computational 
simulation of polymer nanoparticles production in co-flowing capillary devices. It might be 
attributed to the fluids radial velocities, since the small size of organic phase nozzle resulted in 
its injection at higher velocities than the aqueous phase. Higher organic phase flow rates 
produced highest negatives radial velocities, generating and intensifying the production of 
vortex flows (Fig. 5.4f). Because of that, larger mean particle size was obtained at higher 
organic phase flow rate (higher FRR). It is possible that nanodroplets formed near the nozzle 
could be trapped within vortices and forced into circular motion instead of being immediately 
swept away, which may lead to an increased residence time of these particles compared to the 
ones formed away from the nozzle. 
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(a)
 
(b)
 
(c)
 
(d) 
 
Figure 5.6. Mean diameters and PDI evaluated in terms of the flow rate ratio of the phases (a, c) and the 
total flow rate (b, d). Black and white dots represent nanodroplets produced in PDMS flow-focusing and 
glass co-flowing microfluidic devices, respectively. 
Regarding PDI, we observed that both systems produced nanodroplets with relative low 
polydispersity, with values ranging from 0.01 to 0.3 (Fig. 5.6c, d). Flow-focusing and co-
flowing geometries showed similar behavior on changes of polydispersity index with the FRR 
increase. The extreme conditions of flow rate ratios (high and low FRR) resulted in less 
polydisperse nanodroplets in both devices (Fig. 5.6c). Also, we observed a decrease tendency 
of PDI with the increase in the total flow rate for a fixed FRR (Fig. 5.6d). In general, these 
values are below of typical polydispersity index for nanostructures obtained by conventional 
batch solvent displacement techniques, especially for liposomes (Jahn et al., 2007; Michelon et 
al., 2017). The solvent injection into a vortexed aqueous bulk phase does not allow precise 
control in mixing conditions and usually results in polydisperse nanostructures systems (Jahn 
et al., 2008).  
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Although PDMS is an adequate and accessible material to design microchannels, it is a 
polymer and is subjected to solvent action and can deform at high pressures. The deformation 
caused by fluids flowing at elevated velocities may influence on flow profile inside the 
microchannel and subsequently the ability to maintain a consistent focusing (Lo et al., 2010). 
For the flow velocity range evaluated in our work, we did not observe influence on droplets 
mean size, demonstrating that the deleterious effects on PDMS can be neglected. This result is 
in agreement with the work developed by Michelon et al. (2017), for liposomes obtainment in 
polydimethylsiloxane flow-focusing microfluidic devices. 
5.4 Conclusions 
Both flow-focusing and co-flowing microfluidic devices were good platforms to 
produce nanodroplets with tunable size. In spite of the differences between the microchannels 
geometries, both were affected in the same way by the different operating conditions. For the 
same operating condition, co-flowing device produced nanoparticles with higher mean 
diameter, probably due to jet expansion after organic phase injection into the aqueous one. The 
presence of radial velocity and vortex formation contributed to the elevation of convective 
contribution of mass transfer and the residence time of nanoparticles in this geometry, which 
could lead to the aggregation of more sunflower oil molecules, resulting in bigger nanodroplets. 
For PDMS flow-focusing devices, the mass transfer was exclusively dominated by diffusion, 
resulting in smaller nanoemulsion droplets. The laminar flow and precise fluidic control of the 
microchannel enabled reproducible flow fields for the self-assembly of lipids onto 
nanodroplets. The formation of nanoemulsion was mediated by the diffusion of solvent but not 
the difference of the mechanical shear forces between the miscible phases. With this, we 
demonstrated the potential technical feasibility of microfluidic processes as ideal for 
nanodroplets and maybe other nanostructures that can be obtained by flow-focusing and co-
flowing microfluidic processes. 
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6.1 DISCUSSÃO GERAL 
Em uma primeira etapa, foram produzidas nanopartículas lipídicas sólidas e 
carreadores lipídicos nanoestruturados pelo método de deslocamento de solvente, utilizando-se 
tristearina como lipídio sólido e óleo de girassol alto oleico como lipídio líquido em diferentes 
proporções (10, 20 e 30% m/m). Foi utilizado β-caroteno, um composto bioativo altamente 
hidrofóbico e reconhecido como uma molécula modelo, para a avaliação destas estruturas como 
sistemas de liberação e entrega controlada em alimentos. As nanoestruturas foram avaliadas em 
termos de tamanho médio, polidispersidade, morfologia, propriedades térmicas, cor e eficiência 
de incorporação do β-caroteno. Nanopartículas com distribuições de tamanho monomodais e 
tamanho médio (representado pela moda dos picos de distribuição) muito semelhantes (em 
torno de 500 nanômetros) foram obtidas em todas as proporções de misturas de tristearina e 
óleo de girassol alto oleico. Além disso, todos os sistemas geraram partículas com elevada 
polidispersidade (PdI>0,3), fator este que pode estar associado ao pobre controle da difusão do 
solvente dentro do reator, causando a formação de grandes agregados de lipídios. Em geral, a 
técnica de deslocamento de solvente produz estruturas com alto índice de polidispersidade 
quando comparada a processos de alta energia, como homogeneização a altas pressões e 
processos ultrassônicos, que em geral apresentam PdI entre 0,1 e 0,2 (SILVA et al., 2011). 
Apesar de não modificar tamanho e morfologia, a presença do óleo de girassol alterou de forma 
significativa as propriedades térmicas das nanoestruturas. O índice de cristalinidade das 
nanopartículas diminuiu com o aumento do conteúdo de óleo de girassol, confirmando a 
formação de estruturas menos ordenadas, o que é um fator importante para o aprisionamento 
efetivo de compostos bioativos no interior destas nanopartículas. Apesar das taxas de 
degradação do beta caroteno ao longo dos dias de armazenamento terem sido semelhantes para 
as diferentes concentrações de óleo de girassol, foram utilizadas medidas de cor como 
parâmetro indireto para determinação do β-caroteno livre nas dispersões de nanopartículas, 
assumindo-se que as moléculas de β-caroteno encapsuladas não alteravam a cor das dispersões. 
Foi observado que o aumento no parâmetro L* (luminosidade) e diminuição no parâmetro b* 
(coordenada amarelo/azul) com o aumento da concentração de óleo de girassol alto oleico 
poderiam ser indicadores da menor presença de beta caroteno livre nos sistemas com maior 
concentração de óleo líquido. Assim, mais β-caroteno estava encapsulado no interior das 
nanoestruturas, justificando o uso do lipídio líquido como substituto de parte do lipídio sólido 
nas estruturas das nanopartículas lipídicas. 
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Na etapa seguinte, foi avaliada a substituição de surfactantes sintéticos e/ou semi-
sintéticos comumente utilizados na obtenção de nanopartículas lipídicas (como o Tween 80 
utilizado na primeira etapa desta tese) por surfactantes naturais e mais seguros, como proteínas. 
Foram utilizados tristearina como lipídio para formação das nanopartículas e caseinato de sódio 
e lactoferrina como agentes surfactantes, a fim de se avaliar a capacidade das mesmas em 
estabilizar as nanoestruturas obtidas, pelo método de deslocamento de solvente. Também foi 
utilizado beta-caroteno como composto hidrofóbico modelo a ser encapsulado. Foram avaliadas 
três concentrações distintas para as dispersões de proteínas (0,05, 0,10 e 0,30% m/m), utilizadas 
em pH 7. Dispersões de caseinato de sódio também foram avaliadas em dissociação alcalina 
através do ajuste do pH da solução para 12 em uma etapa anterior ao processo de injeção de 
etanol. Após a produção das partículas, o pH foi ajustado novamente para 7. O caseinato de 
sódio que passou por este processo foi denominado aqui como caseinato dissociado. As 
nanopartículas obtidas foram caracterizadas em termos de distribuição de tamanho, carga 
superficial, microscopia de transmissão e confocal, calorimetria, estabilidade do beta-caroteno 
e cor das dispersões. As duas proteínas avaliadas se mostraram efetivas para utilização como 
surfactantes para estabilização de nanopartículas lipídicas sólidas de tristearina. Em relação ao 
caseinato de sódio, foi observado que as nanopartículas estabilizadas pelo caseinato e pelo 
caseinato dissociado apresentaram tamanhos médios semelhantes (250 – 300 nm). Apesar disto, 
quando utilizado o caseinato dissociado, foram obtidas distribuições com polidispersidades 
muito mais baixas (PdI<0.1). Quando o pH foi elevado, a repulsão eletrostática resultou na 
dissociação das micelas, permitindo que suas frações recobrissem mais facilmente a superfície 
das nanopartículas, obtendo sistemas mais homogêneos e com tamanhos ligeiramente menores. 
Em relação à lactoferrina, as soluções controle, contendo apenas a proteína, apresentaram um 
tamanho médio de partícula por volta de 150 nm após passarem pelo processo de injeção de 
etanol à 80 °C. O aquecimento e a presença de etanol podem ter contribuído para a formação 
de nanopartículas de lactoferrina, conforme também reportado por Bengoechea et al. (2011). 
Quando tristearina foi injetada ao sistema, distribuições de tamanho mais amplas com tamanhos 
médios maiores foram obtidas, uma vez que a presença da lactoferrina mais reativa 
(desdobrada) favoreceu o recobrimento das nanopartículas lipídicas, aumentando seu tamanho. 
Quando comparadas às nanopartículas estabilizadas com Tween 80, produzidas na etapa 
anterior, o tamanho das partículas com proteínas foi substancialmente menor. Diferentemente 
dos polissorbatos, as proteínas são moléculas carregadas, e por isso, quando na interface de 
lipídios, tendem a se organizar expondo suas frações carregadas para o exterior, enquanto suas 
frações hidrofóbicas interagem com a fase lipídica. Desta forma, as nanopartículas estabilizadas 
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com proteínas apresentaram carga superficial elevada (entre -50 e -30 mV para dispersões 
contendo caseinato de sódio e entre +20 e +30 mV para as dispersões contendo lactoferrina). 
Em relação às curvas calorimétricas, a presença das proteínas alterou os eventos térmicos das 
nanopartículas quando comparadas aos sistemas estabilizados por Tween. Com as proteínas, 
dois picos endotérmicos foram obtidos, que podem ser atribuídos as formas polimórficas α e β, 
que apareceram provavelmente devido às interações hidrofóbicas entre proteínas e lipídios. 
Com a diminuição da concentração proteica, uma diminuição no pico referente à forma α foi 
observada. Apesar de instável, a presença de estruturas cristalinas múltiplas é ideal para atingir 
maiores níveis de incorporação e liberação sustentada de compostos bioativos nas imperfeições 
dos cristais lipídicos. Devido a isso, as nanoestruturas estabilizadas com caseinato de sódio e 
lactoferrina foram capazes de fornecer maior proteção ao β-caroteno incorporado quando 
comparadas às nanopartículas estabilizadas com Tween 80. Além disso, os sistemas contendo 
caseinato dissociado e lactoferrina foram os mais eficientes na proteção deste bioativo durante 
o período de estocagem avaliado. 
Como etapa final, foi avaliada a viabilidade da obtenção de nanoestruturas lipídicas 
via processo de microfluídica. Devido às dificuldades do processo, principalmente no que diz 
respeito em se manter altas temperaturas nos microcanais, foi escolhido o óleo de girassol como 
fase lipídica para obtenção de nanoemulsões diluídas ou nano-gotas em duas plataformas 
microfluídicas distintas: um microcanal em PDMS, cuja obtenção das estruturas se dava pela 
focalização hidrodinâmica da fase orgânica; e um microcanal em vidro, onde as fases escoavam 
concorrentemente por capilares concêntricos. Em ambos os dispositivos foi estudado o efeito 
das vazões de entrada de cada uma das fases na distribuição de tamanho das partículas, além 
do efeito da velocidade total das fases numa condição fixa de razão entre vazões. Como 
esperado, a razão entre as vazões afetou diretamente o tamanho das gotas produzidas nos dois 
microcanais. Em ambos, maiores razões entre as vazões das fases orgânica e aquosa acarretaram 
em partículas maiores. O processo de formação das nanogotas nos dispositivos microfluídicos 
se deu pela difusão do solvente (etanol) presente no jato central para a corrente de água 
contendo surfactante. A largura desse jato foi diretamente proporcional à razão entre as fases. 
Jatos maiores apresentaram menores taxas de difusão do etanol, levando à formação mais lenta 
das gotas devido ao maior tempo para inversão da polaridade do meio e, portanto, maior foi a 
agregação das moléculas de óleo. Para uma condição fixa de razão entre vazões, o aumento da 
velocidade total dos fluidos não acarretou em mudanças no tamanho de gota das nanoemulsões. 
De forma geral, as forças de cisalhamento entre as fases não foi um fator importante no tamanho 
final das gotas produzidas. Ao se comparar os dois tipos de dispositivos microfluídicos, as nano-
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gotas obtidas nos canais em PDMS apresentaram um tamanho menor em relação àquelas 
produzidas nos dispositivos capilares de vidro em uma mesma condição de processo. Enquanto 
nos canais de PDMS a tendência era a constrição da fase orgânica pela fase aquosa, nos canais 
de vidro foi observada uma tendência da fase orgânica se expandir ao entrar em contato com a 
fase aquosa, fator este evidenciado à maiores razões entre vazões. Além disso, foi possível a 
observação de zonas de vórtice no interior dos canais de vidro. Estes fatos, podem ter 
prejudicado o controle preciso da difusão do solvente, além da formação de fluxos convectivos 
no microcanal de vidro, formando partículas maiores. Os processos microfluídicos se 
destacaram principalmente pela polidispersidade das nanoemulsões produzidas. Em ambas 
geometrias, foram obtidas gotas com índices de polidispersidade com valores de até 0,01, que 
são valores muito mais baixos quando comparados a sistemas lipídicos nanométricos obtidos 
pelos métodos convencionais de deslocamento de solvente.  
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7.1 CONCLUSÕES GERAIS  
O método de deslocamento de solvente se mostrou como um método de baixa 
energia, de fácil realização e que não exige equipamentos sofisticados para obtenção de 
nanoestruturas lipídicas. Foi bastante adequado para a produção de nanopartículas lipídicas 
diluídas, utilizando-se solvente permitido pela legislação, e apresentando partículas com 
valores de tamanho e polidispersidade em intervalos razoáveis. 
Quanto às nanopartículas lipídicas, foi possível concluir que a presença de lipídios 
líquidos na estrutura, apesar de não influenciar no tamanho, foi importante para gerar uma 
estrutura cristalina menos organizada da matriz sólida, que contribuiu para melhorar a 
incorporação e proteção contra a degradação do β-caroteno. 
As proteínas do leite, caseinato de sódio e lactoferrina, se mostraram bons agentes 
emulsificantes para estabilização de nanopartículas lipídicas sólidas. Foram obtidas partículas 
menores e com maior capacidade de proteção das moléculas de β-caroteno, principalmente na 
condição com caseinato dissociado, em que a abertura da estrutura da proteína permitiu maior 
interação e melhor recobrimento das nanopartículas. 
O método microfluídico se mostrou uma ótima ferramenta para produção de 
nanoemulsões diluídas, com gotas apresentando baixos índices de polidispersidade devido ao 
elevado controle do processo difusivo. Apesar das mesmas condições de processo avaliadas, 
dispositivos de vidro e PDMS apresentam diferentes tamanhos de gotas, devido as diferenças 
na fluidodinâmica no interior de cada dispositivo. 
7.2 SUGESTÕES PARA TRABALHOS FUTUROS 
• A avaliação de outras combinações de lipídios líquidos e sólidos, com intuito de 
se avaliar como a cadeia carbônica dos ácidos graxos podem afetar na interação e cristalinidade 
da matriz sólida das nanopartículas; 
• O estudo de outras proteínas, ou frações proteicas, como alternativas de 
surfactantantes para estabilização das nanopartículas sólidas e também de carreadores 
nanoestruturados. As frações proteicas do soro de leite, por exemplo, como α-lactoalbumina, 
β-lactoglobulina e glicomacropeptídeos são proteínas que vêm tendo sua função emulsificante 
estudada e é desejável que esse conhecimento seja transferido também para a estabilização de 
nanopartículas lipídicas. 
• A utilização dos dispositivos microfluídicos para obtenção de nanopartículas 
lipídicas sólidas e carreadores lipídicos nanoestruturados. Um fator limitante no uso destes 
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dispositivos é o controle de temperatura dos fluidos, desde seu bombeamento pelas bombas 
seringa até as saídas dos microcanais. Alternativas como uso de aquecedores de seringas e 
sistemas Peltier de aquecimento para microscopia são sugestões para que se consiga operar os 
dispositivos a temperaturas elevadas e que os lipídios avaliados possam se manter acima do seu 
ponto de fusão durante o processo de produção das nanoestruturas. 
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CAPÍTULO 9 
Anexos 
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9.1 Anexo I – Permissão para utilização do artigo referente ao Capítulo 3. 
 
